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Abstract 
At the onset of cell division microtubules growing from spindle pole bodies (SPB) 
interact with each other to form the mitotic spindle enabling proper chromosome 
positioning and segregation. However, the exact mechanism of microtubule 
dynamics and microtubule associated proteins (MAPs) underlying spindle assembly 
is still not well understood. We developed an in vivo method to observe spindle 
assembly in the fission yeast Schizosaccharomyces pombe by inducing 
depolymerization of already formed and grown spindles by subjecting the cells to low 
temperatures, followed by subsequent repolymerization at a permissive temperature. 
We observed that microtubules pivot, i.e., perform angular movement around the 
SPB in a random manner, exploring the intranuclear space. Eventually microtubules 
extending from opposite SPBs come into contact and establish an antiparallel 
connection thus reassembling the spindle. Mutant approaches revealed that deletion 
of ase1 and klp5 did not prevent spindle reassembly, however introduced 
aberrations during the spindle formation. Amazingly, cut7p showed direct 
colocalization with microtubule overlap during spindle reassembly. Abrogation of 
cut7p led to inability to form a functional spindle. Thus, cut7p is the main regulator of 
spindle formation in fission yeast. None of the mutant strains affected microtubule 
pivoting, confirming that microtubule pivoting is a random movement unrelated to 
MAPs.
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1.! Introduction  
1.1.! Eukaryotic cell cycle 
One of the basic characteristics of all living organisms is ability to proliferate. This 
fundamental feature is also reflected at the cellular level where single cells undergo 
cycles of growth, replication and division in order to segregate their hereditary 
material (Nurse, 2000).  
 The first living organisms emerged more than 3 billion years ago by the 
enclosure of their nucleic acid in a phospholipid membrane and the development of 
metabolic functions. With further specialization and compartmentalization of 
subcellular organelles during the Paleoproterozoic era, it is believed that the first 
eukaryotic cells evolved from prokaryotes by a process of endosymbiosis (Cooper 
and Hausman, 2013; Diekmann and Pereira-Leal, 2013; Rasmussen et al., 2008). 
Additional cellular complexity arose from the expansion of genetic material and an 
increase in number of enzymes (Vellai and Vida, 1999). The simplest known 
eukaryotes are the yeasts, independent unicellular organisms that also became one 
of the most popular research tools during the past and present century (Botstein and 
Fink, 2011; Forsburg and Rhind, 2006).  
 The first insight into the eukaryotic cell cycle was given by drawings of 
Walther Flemming, who was investigating the process of cell division in salamander 
cells (Figure 1.1). The eukaryotic cell cycle can be divided into four distinct phases: 
G1 (first gap), S (synthesis), G2 (second gap) and M (mitosis). During the first three 
phases commonly referred to as interphase, the cells continuously grow, produce 
various macromolecules and duplicate their genetic material in order to prepare the 
cells for mitosis and cell division (Cooper and Hausman, 2013; Mchedlishvili et al., 
2015; McIntosh, 2011). The phases of the cell cycle are mostly conserved between 
eukaryotes, from the simplest forms to human cells, with variations in duration of G1 
phase between species.  
 
2 
Figure 1.1. Drawings of eukaryotic cell cycle (salamander cells) found in Flemming’s book: 
Zellsubstanz, Kern und Zelltheilung, published in 1882.  
The left panel depicts reorganization of the cell interior during interphase and prophase. The right 
panel depicts reorganization of the cell interior during mitotic progression. 
The cell cycle of fission yeast, Schizosaccharomyces pombe, is similarly 
divided into four phases, with G2 phase taking approximately 70% of the whole cycle
(Figure 1.2).  
                              
Figure 1.2. Schematic representation of the cell cycle (phases) in S. pombe. Modified from 
(Forsburg and Rhind, 2006). ! 
The cell spends 10% of its time in the G1 phase, 10% in S, 70% in G2 and 10% in M. 
"#
$
"%
&
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1.1.1.!  Interphase – a prelude to mitosis 
As previously mentioned, the cell prepares for mitosis by gathering enough building 
material for the two daughter cells. Therefore, the cell needs to pass through a 
series of checkpoints to ensure progression through the cell cycle.  
 The first important checkpoint occurs at the transition between G1 and S 
phase where the cell decides whether it will be able to proliferate or not. This 
depends on the nutritional status of the cell, stimulation by growth factors and quality 
control of the genomic deoxyribonucleic acid (DNA) i.e. if DNA is damaged the cell is 
halted in the cell cycle until the errors in DNA are repaired (Bertoli et al., 2013; 
Johnson and Skotheim, 2013). Once all the requirements are fulfilled, the cell enters 
S phase and becomes committed to cell division. The next major checkpoint occurs 
at the transition between G2 and M phase where the cell checks for possible errors 
in newly replicated DNA. In the presence of damaged DNA the cycle arrests while 
trying to repair the damage. If the damaged DNA is successfully repaired the cell is 
able to resume the cell cycle (Lindqvist et al., 2009). By contrast, if the damages 
prove to be irreparable the cell undergoes apoptosis in order to remove unwanted 
genetic mutations (Pucci et al., 2000).  
 The progression through checkpoints is regulated through cooperative activity 
of cyclins and cyclin-dependent kinases (CDKs). During the mammalian cell cycle, 
the transition between quiescence to G1 is mediated through interaction of CDK4 
and CDK6 with D-type cyclins, which results in inactivation of transcriptional 
repressors. This in turn allows activation of CDK2 and formation of CDK2-cyclin E 
heterodimers that initiate progression into S phase. Overexpression of cyclin E has 
been related to cancer, presumably through aberrations in S-phase progression and 
cyclin E-associated aneuploidy due to centrosome amplification (Hwang and 
Clurman, 2005; Scaltriti et al., 2011). Following initiation or replication, activation of 
CDK2-cyclin A, CDK1-cyclin A and CDK1-cyclin B complexes ensure further cell 
cycle progression and control of centrosome duplication and maturation (Lapenna 
and Giordano, 2009; Suryadinata et al., 2010). 
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1.1.2.!   Mitosis 
Mitosis is the most vital phase of the cell cycle by which the eukaryotic cells divide 
their replicated genetic material and it is highly conserved among all eukaryotes. 
During the course of evolution mitosis became more specialized in higher 
eukaryotes with development of more complex genetic information. Apart from the 
modifications in macromolecular complexity, there is a difference in spatial 
organization. One of the most remarkable differences comes from the presence of 
double nuclear membrane throughout mitosis. In lower eukaryotes such as 
Opisthokonts, Amoebozoa, Excavates, Chromoalveolates, Archaeplastids and 
Rhizaria, the nuclear envelope remains intact and mitosis occurs inside the nucleus. 
This form of mitosis is termed closed mitosis and considered to be an archaic 
mechanism of eukaryotic cell division (Boettcher and Barral, 2013; De Souza and 
Osmani, 2007; Sazer et al., 2014). By contrast, the nuclear membrane breaks down 
in higher eukaryotes, either prior mitosis at the transition between G2 and M phase 
(Smoyer and Jaspersen, 2014) or during early mitosis at the beginning of 
prometaphase (Walczak et al., 2010). Nuclear membrane breakdown is mediated by 
breakdown of the nuclear lamina and physical tearing of the membrane by the 
microtubule cytoskeleton.  
 Mitosis is comprised out of five principal stages: prophase, prometaphase, 
metaphase, anaphase and telophase with cytokinesis (Figure 1.3). During prophase, 
chromatin begins to condense in order to form highly organized and packed DNA 
structures – chromosomes. At the same time microtubule nucleation increases 
several fold compared to the levels seen during interphase (Saxton et al., 1984). 
Once the nuclear envelope breaks down, spindle formation can take place in 
mammalian cells. The nuclear envelope acts as a barrier for cytoplasmic compounds 
such as tubulin and microtubule-associated proteins, therefore the interaction of all 
elements is only possible once the nuclear envelope is disassembled, which usually 
happens at the beginning of prometaphase (Walczak et al., 2010).  
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Figure 1.3. Fluorescence micrographs of mitotic newt lung cells stained with antibodies 
for microtubules (green) and Hoechst dye for chromosomes (blue) (Rieder and Khodjakov, 
2003). 
The cell enters mitosis by rearranging its chromatin and cytoskeletal elements (A, B). Nuclear 
envelope breaks down while individual chromosomes connect to microtubule array in prophase 
and prometaphase (C, D). Compacted chromosomes align themselves in the equatorial plane in 
metaphase (E). Once the segregation occurs, the chromosomes start moving towards 
centrosomes in anaphase (F). Chromosomes begin to decondense and microtubule network 
reorganize in telophase (G) and division of the cytoplasm into two daughter cells occurs during 
cytokinesis (H). 
 During prometaphase highly dynamic microtubules grow from the centrosome 
and randomly explore space searching for attachment site at chromosomes called 
kinetochores (DeLuca, 2010; Gay et al., 2012; Kalinina et al., 2013). Kinetochores 
are proteinaceous trilaminar platelike structures that are situated on opposite sides 
of the centromeric heterochromatin of the mitotic chromosome (Chan et al., 2005). 
Following chromosome-microtubule attachment, where sister chromatids are 
connected to microtubules coming from the opposite poles, chromosomes are 
incorporated into the formed spindle.  
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During metaphase the paired sister chromosomes are balanced at the center of the 
spindle while the spindle maintains a constant stable length (‘steady-state length’). 
By contrast, there are large fluctuations in both chemical and physical processes 
(Dumont and Mitchison, 2009). The fine equilibrium of this steady-state is achieved 
through net tubulin loss at the pole-proximal ends balanced by tubulin addition at the 
plus ends (McIntosh et al., 2002). In order to advance to the next stage of mitosis, 
the cell needs to ensure that chromosomes are properly attached to the spindle 
microtubules and aligned at the metaphase plate. This is regulated by a spindle 
checkpoint that blocks anaphase onset and subsequent exit from mitosis (Gorbsky, 
2001).  
 Once chromosomes are properly aligned on the metaphase plate, anaphase 
is triggered through the activation of the anaphase-promoting complex (APC). The 
APC is a multisubunit E3 ubiquitin ligase that regulates the stability of mitotic 
proteins by targeting them for ubiquitin-dependent proteolysis. Upon ubiquitin-
dependent proteolysis of the inhibitor securin, a protease called separase is 
activated that cleaves the cohesin proteins holding together sister chromatids, which 
then separate and move to the spindle poles (Rhind and Russell, 2012). Anaphase 
can be divided into two subcategories: anaphase A, in which chromosomes are 
pulled towards the spindle poles by shortening of the kinetochore microtubules and 
the second phase, anaphase B, where the spindle poles are pushed away from each 
other via elongation of interpolar microtubules (de Gramont and Cohen-Fix, 2005; 
Higuchi and Uhlmann, 2005).  
 In the final stage of mitosis, telophase, chromosomes reach the poles and 
begin to decondense. At the same time cytoskeletal elements undergo dramatic 
rearrangement. The interpolar microtubules coming from the opposite poles lose 
their connection and the mitotic spindle breaks down, which enables re-formation of 
the nuclear membrane. Telophase is followed by cytokinesis where cytoplasm 
divides into two daughter cells with identical genetic composition (Green et al., 
2012). 
   
7 
1.2.! The mitotic spindle 
In eukaryotes, the mitotic spindle is a dynamic structure comprised of microtubules, 
microtubule-associated proteins and chromosomes that coordinate faithful 
segregation of duplicated genetic material during mitosis (McIntosh et al., 2012) 
(Figure 1.4). 
 
Figure 1.4. Metaphase mitotic spindle structure. Left image modified from (O'Connell and 
Khodjakov, 2007), right image modified from (McIntosh et al., 2012). 
A.! Immunofluorescence micrograph of a fixed newt lung cell stained for microtubules (green) 
and DNA (blue) 
B.! High-voltage electron micrograph of a mitotic mammalian cell (strain PtK1). Chromosomes 
are stained with uranyl acetate, microtubules by colloidal gold attached to an antibody 
specific for tubulin. Bundles of microtubules converge on each kinetochore while at their other 
ends they focus at the poles. Astral microtubules are clear. Scale bar represents 1 mm. 
 
 The major structural elements of the mitotic spindle, microtubules, can be 
divided into three functional groups: interpolar microtubules coming from opposite 
poles, which overlap in the midzone and stabilize the mitotic spindle, kinetochore 
microtubules that associate with the kinetochore of each sister chromatid and astral 
microtubules that extend from the microtubule-organizing centers and transiently 
A B 
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attach via dynein and dynactin to the cortical portion of the cell (Busson et al., 1998; 
Cheeseman and Desai, 2008; Winey and Bloom, 2012).  
 Microtubules are highly dynamic polymers whose behavior is regulated 
through numerous microtubule-associated proteins that can stabilize microtubule 
polymerization, promote microtubule shortening or function as linkers between 
various structures and microtubules themselves (Maiato and Sunkel, 2004). This 
interplay between microtubules and associated proteins is important for spindle 
morphogenesis and force generation within the spindle. Forces generated in the 
mitotic spindle are required for proper positioning of the sister chromatids and for 
accurate segregation of the genome during mitosis (Civelekoglu-Scholey and Cimini, 
2014). The sister chromatids actively participate in spindle assembly and force 
generation. Each chromatid carries a multi-protein complex that mediates the 
physical coupling of the chromatid to spindle microtubules bundles called K-fibers, 
which come from the poles. Once kinetochores are attached to the K-fibres, the 
structure can generate pushing and pulling forces that combine with polar ejection 
forces and elastic inter-sister chromatin, which together control chromosome 
movements (Armond et al., 2015). 
1.2.1.! Bipolar character of the mitotic spindle 
Even though the spindle structure can vary between organisms, the mission stays 
the same – segregation of genetic information. In order to pull apart chromatid pairs, 
the microtubule array must possess bilateral symmetry (Figure 1.5). The question is, 
how do the microtubules get into an antiparallel orientation?  
 Computer simulations have shown that heterocomplexes of one plus-end- 
and one minus-end-directed motor could generate a stable interaction between 
overlapping antiparallel microtubules (Nédélec, 2002). These collective interactions 
have been demonstrated in vivo where removing either inward or outward spindle 
forces would introduce deformations in the bipolar structure. For example, excessive 
inward force results in monopolar spindle formation and mitotic arrest, while 
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excessive outward force results in unstable distorted spindles (van Heesbeen et al., 
2014).  
 
Figure 1.5. Variations in bipolar spindle organization of different systems. Modified from 
(Wang et al., 2014).  
In yeast spindles, MT minus-ends are near the spindle pole body (SPB) and only one to three 
MTs connect the kinetochore to the pole. In contrast, in Xenopus extract, Drosophila embryo and 
mammalian cell spindles, MT minus-ends are distributed all along the spindle and many 
microtubules align to form a bundle that connects the kinetochore to the pole.  
 Another contribution to spindle bi-polarity comes from the spindle poles. In 
most somatic animal cells the spindle poles are organized in a large multi-protein 
structure called the centrosome, which coordinates spindle microtubules and also 
assists in positioning the spindle inside the cell (Tanenbaum and Medema, 2010). 
The necessity for centrosomes during spindle assembly was shown to be dependent 
on whether the cells organize a focused interphase microtubule array or not. Even 
though additional centrosomes increase the likelihood of multipolar mitotic spindles, 
the loss of the centrosome can disrupt the organization of interphase microtubules 
and increase the risk of monopolar spindles. However, in organisms without a 
centralized interphase microtubule network (e.g. plants, flies and mouse oocytes) the 
centrosome is either completely lacking or dispensable for building spindle poles 
(Hinchcliffe, 2011; Khodjakov et al., 2000). 
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1.2.2.!  Mitotic spindles scale to cell size across Metazoans 
Variations in cell size are most pronounced in early animal development, with 
differences in egg diameters across animal phyla ranging from tens of microns up to 
millimeters. However, spindle ability to adapt to changes in cell size and shape 
seems to be conserved throughout the species (Figure 1.6). Additionally, both the 
pole-to-pole and aster-to-aster mitotic spindle lengths scale linearly with cell size in 
cells less than 140 mm in diameter. Given that mitotic chromosomes scale in size 
during development, together these data support the hypothesis that mechanisms 
regulating spindle size and mitotic chromosome condensation are conserved and 
coupled (Crowder et al., 2015; Hara et al., 2013). 
 
Figure 1.6. Mitotic Spindles Scale to Cell Size across Metazoans. Modified from (Crowder 
et al., 2015). 
Fluorescence images of fixed mitotic embryos at different early embryonic stages stained for 
tubulin (orange) and DNA (cyan). Scale bars represent 20 mm. 
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1.3.! Microtubules  
According to Gary Borisy, the term ‘microtubule’ was born in 1963 after the 
introduction of glutaraldehyde as a fixative and through identification of colchicine-
binding protein, colchicine being known to specifically inhibit mitosis. Two years 
later, microtubules were recognized as a ‘ubiquitous’ cytoskeletal structure (Borisy et 
al., 2016). Today we have detailed insight into microtubule structure and function. 
The principal building elements of microtubules are α/β tubulin heterodimers, small 
GTPases which assemble by non-covalent interactions in head-to-tail manner, 
forming protofilaments (Alushin et al., 2014; Desai and Mitchison, 1997) (Figure 1.7).  
                
Figure 1.7. Ribbon diagram of the tubulin dimer. Modified from (Nogales et al., 1998). 
Tubulin with bound GTP is shown in the top section and tubulin containing GDP in the bottom. 
The arrow indicates the direction of the protofilaments and microtubule axis. 
  The most common microtubules are formed by 13 parallel protofilaments to 
create a structure about 250 Å in diameter (Figure 1.8 A). Neighboring 
protofilaments are aligned to form a left-handed 3-start helix of monomers, or a 1.5-
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start helix when dimers are taken as the axially repeating unit. Microtubule polymers 
can come in two different arrangements, based on the position of neighboring 
heterodimers inside the lattice. In an A-lattice, an α-tubulin of one protofilament lies 
beside a β-tubulin in the neighboring protofilament, while in a B-lattice, α-tubulins lie 
next to α-tubulins (Katsuki et al., 2014; Mandelkow et al., 1986; McIntosh et al., 
2009). Previous in vitro experiments showed that microtubule self-assembly favors 
B-lattice configuration (Song and Mandelkow, 1993). However, more recent studies 
revealed that the Mal3 fission yeast protein, from EB1 family tip-tracking proteins, 
promotes tubulin assembly into entirely 13-protofilament microtubules with a high 
proportion of A-lattice configuration, while in the absence of Mal3 the B-lattice 
microtubules are consequently formed (Georges et al., 2008). Beside the standard 
13-protofilament lattice, microtubules assembled in vitro can contain from 9 to 18 
protofilaments (Figure 1.8 B). 
             
Figure 1.8. Organization of microtubule protofilaments. Modified from (Amos, 2004). 
A.! Schematic representation of microtubule lattice. The minus end of the microtubule is capped 
and stabilized by γ-tubulin ring complex colored in blue. Dgrips proteins are represented as 
green and orange oval structures. Shrinkage can occur spontaneously at both ends. The cell 
control depolymerization status through recruitment of specialized MAPs. 
B.! Microtubules can vary in number of longitudinal protofilaments. When 13 protofilaments join 
together, a straight cylinder is made. Larger or smaller numbers of protofilaments introduce 
tilting in the lattice, which is most obvious in the structure with 15 and 16 protofilaments.   
 
 
A B 
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 Variations in number of microtubule protofilaments were also observed in vivo 
across eukaryotes. For example, the microtubules of crayfish and lobster nerve 
cords are composed of 12 protofilaments, while axonal crayfish sperm has walls 
composed of 15 and 13 protofilaments (Burton et al., 1975). Another example is 
Caenorhabditis elegans tissue that contains 11 and 15 protofilaments, where 11-
protofilament variant is found in all the cells and 15-protofilament variant seems to 
be involved in mechanosensation and neurogenesis (Chalfie and Thomson, 1982).  
1.3.1.! Microtubules are highly dynamic polymers 
Microtubules are dynamic polymers that stochastically switch between phases of 
polymerization (growth) and depolymerization (shrinkage). This fundamental 
property of microtubules, termed dynamic instability, is essential for their function in 
cellular organization (Mitchison and Kirschner, 1984; Nogales and Wang, 2006). The 
switch between growth and shrinkage depends on the hydrolysis of guanosine 
triphosphate (GTP) (Figure 1.9). In solution, most tubulin dimers have GTP bound to 
their β-subunit. During incorporation into the microtubule the β-tubulin-bound GTP 
hydrolyzes, introducing curvature inside the lattice (Alushin et al., 2012). Since GTP-
tubulin adopts straight configuration, it protects the plus ends of microtubules by 
assembling in the formation called the ‘GTP-tubulin cap’. However, once the GTP-
tubulin cap disappears, the microtubule shifts to a shrinking phase, a process called 
catastrophe (Bowne-Anderson et al., 2013; Brouhard and Rice, 2014; Horio and 
Murata, 2014; Howard and Hyman, 2003; 2009). During shrinkage the terminal 
protofilaments peel away from the lattice and fall apart into individual subunits. The 
same microtubule can however switch back to a polymerizing state, a process called 
rescue (Cassimeris, 2009; Gardner et al., 2013). It is believed that those stochastic 
rescue events are promoted by the remnants of GTP-tubulin inside the lattice, 
meaning that GTP hydrolysis is not always complete and tubulin dimers persisting in 
a GTP conformation could behave as a polymerization prone GTP cap (Dimitrov et 
al., 2008). Since microtubule growth, shrinkage and rescue events occur in the 
absence of MAPs or other additives, they are considered to be intrinsic, cell-type 
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specific properties of microtubule dynamics (Billger et al., 1996; Shelden and 
Wadsworth, 1993).  
                      
Figure 1.9. Assembly and disassembly of dynamic microtubules. Modified from (Al-
Bassam and Chang, 2011). 
Microtubule plus (+) ends are protected with a cap of GTP-tubulin. Over time GTP hydrolysis 
converts GTP-tubulin in the lattice to GDP-tubulin. Once the cap is removed, the GDP-tubulin 
protofilaments curl and peel off the microtubules plus ends. The transitions between growth and 
shrinkage states are termed catastrophe and rescue. 
 
1.3.2.! Organization of microtubules inside the cell 
In eukaryotes, microtubules usually grow from discrete intracellular sites. These 
specialized organelles promote initiation of microtubule nucleation and have been 
described as microtubule-organizing centers (MTOCs) (Tucker, 1984). The MTOCs 
affect microtubule organization by anchoring microtubules at the minus end, 
resulting in the disposition of microtubules in a radial array towards distal areas of 
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the cell (Joshi, 1993). The centrosome was identified as the primary MTOC in animal 
cells more than a century ago as an assembly organized around a pair of centrioles 
surrounded by a matrix of pericentriolar material (PCM). In lower eukaryotes, the 
functional analogue was classified as a large multilayered structure embedded in the 
nuclear envelope and termed spindle pole body (SPB) (Figure 1.10). Similarly to 
centrosomes, SPBs are very large MTOCs whose construction is based on coiled-
coil proteins. Although the SPB and centrosome are functionally equivalent, most of 
the internal composition of SPB core proteins is highly divergent (Kilmartin, 2014). 
                                   
Figure 1.10. The SPB is a cylindrical multi-layered organelle. Modified from (Kilmartin, 
2014). 
Diagram of the SPB showing the localization of components, excluding those involved in mitotic 
exit and checkpoints. 
 Despite the morphological variations in MTOC, they are all enriched in γ-
tubulin and share the same common function (Horio et al., 1991; Kollman et al., 
2010). Comparative analysis showed that γ-tubulin is highly conserved among 
eukaryotes. Even though γ-tubulin is present at much lower levels compared to α 
and β tubulin, it is a fundamental component of the microtubule lattice and plays an 
important role in microtubule function through anchoring and stabilization of the 
minus end (Lüders and Stearns, 2007; Stearns et al., 1991).  
 Another possibility to arrange microtubules is through acentrosomal self-
organization. For example, epithelial cells, neurons and muscle cells contain arrays 
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of non-centrosomal microtubules that are critical for specialized functions in these 
cells. Since microtubule minus ends are free in this arrangement, they require 
stabilization either by MT-associated proteins or by an end-capping complex. 
Surprisingly, the proteins that contribute to stabilization of minus ends are the 
microtubule tip-interacting proteins APC, EB1 (usually localized on the plus end) and 
γ-tubulin (localized along microtubules) (Keating and Borisy, 1999; Reilein et al., 
2005). These findings suggest that the centrosomes are not absolutely required to 
organize MTOCs.  
1.4.! Microtubule-associated proteins 
Microtubule-associated proteins (MAPs) bind to microtubules and regulate their 
dynamic processes (Burbank and Mitchison, 2006; Lyle et al., 2009a; 2009b). MAPs 
can be categorized into two types: proteins that bind along the microtubule lattice, 
and microtubule tip-interacting proteins (+TIPs) that associate with plus ends to 
regulate growth, shrinkage, and attachment to other structures inside the cell (Currie 
et al., 2011).  
 The first category includes both structural MAPs, such as the MAP1, 
MAP2/Tau-family, and certain enzymatically active MAPs, such as microtubule 
motors. Structural MAPs stabilize the microtubule lattice and participate in 
construction of parallel and antiparallel microtubule arrays (Dehmelt and Halpain, 
2005; Halpain and Dehmelt, 2006; Kellogg et al., 2016). One of the classical 
examples of structural MAPs is the MAP1 protein family, predominantly expressed in 
neurons where it participates in formation and development of axons and dendrites 
(Halpain and Dehmelt, 2006; Poulain and Sobel, 2010) (Figure 1.11). Another non-
motor MAP, MAP65, can selectively crosslink anti-parallel microtubules, and plays 
an important role in cytoskeletal dynamics during the cell cycle (Subramanian et al., 
2010; Yamashita et al., 2005). Finally, enzymatically active MAPs are one of the 
most astounding proteins that convert chemical energy from ATP hydrolysis to 
mechanical energy of movement along microtubule lattice. They have two principal 
roles: molecular motors can either carry membrane-enclosed organelles to 
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peripheral or central regions of the cell, acting as a machinery for intracellular 
delivery, or contribute to the spatial and structural organization of microtubules by 
moving filaments relative to each other and generating force between them 
(Caviston and Holzbaur, 2006; Cooper and Hausman, 2013; Oladipo et al., 2007; 
Vale and Goldstein, 1990). 
     
Figure 1.11. Cytoskeletal structure in dendrites is supported by MAPs (Koleske, 2013). 
Dendritic shafts contain parallel microtubule array bridged by MAP1A and MAP2, which serve as 
a highway for trafficking of vesicles (cargo) to and from the more terminal regions of dendritic 
membrane and serves as a site for microtubule nucleation. 
 The second category of MAPs is characterized by +TIPs, a group of 
evolutionarily conserved factors that accumulate at the ends of growing microtubules 
where they alter microtubule dynamics. They can be classified in 5 groups according 
to structural elements involved in tracking growing microtubule plus ends: end-
binding proteins (EB), cytoskeleton-associated protein Gly-rich proteins (CLIPs), 
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HEAT- and WD40-repeat proteins (XMAP215/DIS1 family), proteins that contain 
basic and Ser-rich sequences and certain microtubule motor proteins such as 
microtubule-depolymerizing kinesin-13 family members and mitotic representatives 
of the kinesin-14 family (Akhmanova and Steinmetz, 2008; 2015). From a functional 
perspective, +TIPs can increase microtubule growth rates and stabilize the lattice, or 
promote removal of the stabilizing GTP-cap, which results in depolymerization of 
microtubules (Brouhard et al., 2008; Howard and Hyman, 2007; Kinoshita et al., 
2006) (Figure 1.12). 
                                                     
Figure 1.12. Microtubule dynamics is regulated through +TIPs. Modified from (Akhmanova 
and Steinmetz, 2010). 
+TIPs alternate microtubule dynamics by promoting stabilization and polymerization of 
microtubule lattice, or by disrupting the plus end, which leads to depolymerization.  
 In fission yeast, similar molecular mechanisms are employed to regulate 
microtubule dynamics. A +TIP EB family protein Mal3p accumulates at microtubule 
plus ends and stabilizes the microtubule lattice by inhibiting shrinkage and promoting 
frequency of rescue (Katsuki et al., 2009). Another example is protein Alp14p, an 
XMAP215 orthologue in fission yeast, which possesses properties of a dose-
dependent microtubule polymerase (Al-Bassam et al., 2012). On the other hand, 
microtubule-destabilizing factors such as conserved kinesin-8 motor proteins 
(Klp5/6) promote catastrophe frequency in a length-dependent manner (Su et al., 
2012).  
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 Both categories of MAPs have one group in common – microtubule motors, 
which have evolved to perform multiple tasks within the cells. Kinesin and dynein 
make up the two large families of motor proteins that move along microtubules 
(Cooper and Hausman, 2013). 
1.4.1.! Kinesins superfamily  
During the 1980s, there was a particular interest in the mechanism of organelle 
delivery across the long axons, which resulted in identification of a novel molecular 
motor capable of ATP-dependent microtubule plus-end directed vesicular transport. 
This protein was named kinesin (Brady, 1985; Vale et al., 1985).  
 The conventional kinesin-1 is the founding member of the kinesin 
superfamily. Kinesin-1 is a tetramer composed of two heavy chains (KHC) and two 
light chains (KLC) that participate in cargo binding. The heavy chain includes an N-
terminal motor domain with a core motor domain and a neck linker, a coiled-coil 
alpha-helical central neck domain, and a C-terminal tail domain which binds to the 
light elements and ATPase catalytic site that powers movement along the lattice 
(Marx et al., 2006). The dimeric form of the kinesin motor and neck domain with 
bound ADP was determined by X-ray crystallography of truncated rat conventional 
kinesin chains and cargo. The motor domain contains the major microtubule binding 
heavy chain (Kozielski et al., 1997).  
 Since the first identification of the microtubule based motor protein kinesin-1, 
an additional 600 members in 14 kinesin families have been characterized among 
eukaryotes (Lawrence et al., 2004; Marx et al., 2006). Even one of the simplest 
protozoal parasites Giardia contains a collection of 25 kinesin genes, from which 
some are unique. Those kinesins most likely arose by gene duplication and evolved 
organism-specific functions (Vale, 2003).  
 Regardless of kinesin proteins being higly diverse, they all share a high 
homology in their motor domain (Figure 1.13). The motor domain contains a 350-
amino acid sequence that is highly conserved among all variant types. The 
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conserved motifs correspond to the ATP microtubule binding sites (Lawrence et al., 
2002).  
           
Figure 1.13. Cargo-transporting microtubule plus-end-directed kinesins. Modified from 
(Vale, 2003). 
The catalytic motor domains are displayed in blue, mechanical amplifiers in light blue, and tail 
domains implicated in cargo attachment are shown in purple. Heterotrimeric kinesin II contains 
two distinct motor subunits, which is reflected in the two different color shadings. Tightly 
associated motor subunits (light chains) are shown in green. The Unc014/KIF1 motor can exist as 
a monomer and dimer, as indicated by the equilibrium. Metazoan conventional kinesin (with light 
chains) and the C. elegans Osm-3 motor (shorter than the KIF17 homodimeric kinesin II) are 
depicted in this figure. 
1.4.2.! Kinesins as regulators of microtubule dynamics   
How do kinesins regulate microtubule dynamics and what unique features do they 
possess compared to other MAPs? Due to their motor protein domain, kinesins are 
able to transport themselves to the microtubule ends in a mainly unidirectional 
manner (Gennerich and Vale, 2009; Woehlke and Schliwa, 2000; Yildiz et al., 2004). 
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Furthermore, their specific interactions with the microtubule lattice can lead to 
changes in microtubule dynamics either by directly altering the conformation of 
tubulin heterodimers, or indirectly through interaction with other factors (Drummond, 
2011; Kevenaar et al., 2016). Kinesins can mediate both depolymerization and the 
elongation of the microtubule lattice (Figure 1.14).  
                     
Figure 1.14. Kinesins as regulators of microtubule dynamics. Modified from (Sturgill and 
Ohi, 2013).  
Regulatory kinesins partition into three classes. Depolymerases (red) promote microtubule dis- 
assembly. Elongases (green) promote microtubule assembly. Pause factors (blue) suppress the 
inherent dynamicity of microtubules.  
 Kinesin-13, kinesin-8 and kinesin-14 members are classical examples of 
kinesins that promote microtubule depolymerization (Vicente and Wordeman, 2015). 
Kinesin-13 was one of the first identified microtubule depolymerases that 
destabilizes microtubules by introducing a conformational change at the microtubule 
ends (Desai et al., 1999). Destabilization occurs during ATP binding to kinesin-13, 
which causes the bound tubulin dimer to bend outwards from the microtubule lattice. 
Subsequent ATP hydrolysis and phosphate release steps of the ATPase cycle lead 
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Kinesin-5 
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to detachment of kinesin-13-tubulin dimer complex from the protofilament and then 
release of the motor from the tubulin dimer (Moores and Milligan, 2006; Moores et 
al., 2002). Kinesin-8 family members are another example of motor proteins with 
depolymerase activity. In contrast to kinesin-13, kinesin-8s are highly processive 
plus-end specific motor proteins that depolymerize microtubules in length-dependent 
manner (Jannasch et al., 2013; Varga et al., 2006; Walczak, 2006). Loss of kinesin-8 
activity results in hyperstable microtubules and elongated spindles, accompanied by 
severe chromosome congression defects. Kinesin-8 family can be found in most 
eukaryotes ranging from fungi (KipB, A. nidulans; Kip3p, S. cerevisiae; klp5/6+, S. 
pombe), and Drosophila (Klp67A), to mammals (Kif18A) (Mayr et al., 2011). Kinesin-
14 member Kar3 is well characterized minus end directed translocase in S. 
cerevisiae, which forms a heterodimer with non-motor Cik1. The heterodimer uses 
its minus-end-directed force to depolymerize microtubules from the plus end. Each 
tubulin-subunit release event is coupled to one ATP turnover (Sproul et al., 2005). 
 By contrast, kinesin-1, kinesin-7 and kinesin-5 were found to increase 
microtubule elongation both in vitro and in vivo. Kinesin-1 stimulates microtubules 
elongation and rescue through c-Jun N-terminal kinase (JNK) activity (Daire et al., 
2009). For example, neurons depend on kinesin-1 motility and cargo transport along 
the extreme length of axons for efficient long distance intracellular communication. In 
vivo experiments confirmed that kinesin-1 KHC domain binds directly to scaffolding 
protein JIP3 c-Jun N-terminal kinase (JNK)-interacting protein 3 (JIP3), which is 
essential for axon elongation in hippocampal neurons as well as axon regeneration 
in sensory neurons (Watt et al., 2015). Mitotic centromere kinesin-7 (CENP-E) is 
another processive kinesin involved in plus-end microtubule elongation by stabilizing 
the straight-end conformation of the microtubule lattice (Sardar et al., 2010). 
 Kinesin-5 has dual character. In vitro experiments have shown that kinesin-5 
promotes microtubule polymerization by increasing the growth rate and decreasing 
the catastrophe frequency through stabilization of longitudinal tubulin-tubulin 
interactions (Chen and Hancock, 2015). The opposite effect was demonstrated in 
experiments on cultured neurons with depleted kinesin-5, where axons grow up to 
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five times longer than controls with increased branching. An accompanying 
experiment with overexpression of wild-type kinesin-5 rendered very short axons 
(Myers and Baas, 2007).  
1.4.3.! MAPs in fission yeast during mitosis – balance of forces 
MAPs play an important role in fission yeast throughout the cell cycle and particularly 
during mitosis. As previously described, fine-tuning of microtubule dynamics is 
essential for proper formation and maintenance of highly organized spindle 
apparatus. In order to regulate the mitotic spindle, the cell employs both active 
(molecular motors) and passive MAPs. There are many MAPs that regulate the 
mitotic apparatus and chromosome segregation, however this work will focus only on 
the main contributors to the pushing (outward) and pulling (inward) forces inside the 
spindle, involved in spindle assembly (Syrovatkina et al., 2013). 
 Fission yeast ase1p is a member of the conserved ASE1/PRC1/MAP65 
family of microtubule-bundling proteins found at the spindle midzone during mitosis 
where it supports the interdigitating microtubule plus ends that emanate from 
opposite SPBs. This interaction stabilizes the bipolar spindle by preventing 
premature collapse and breaking during anaphase B. Ase1Δ mutants showed 
defects in spindle integrity and elongation during mitosis, with longer duration of 
metaphase and anaphase A compared to wild-type cells. Furthermore, ase1Δ 
mutants displayed abnormally long cell length phenotype before entering mitosis, 
which suggests that there is cell cycle delay prior entering mitosis. Additionally, upon 
deletion the cell cannot balance the opposing microtubule pulling forces, which leads 
to infrequent pushing events and failure to position the nucleus at the cell center. 
The misplaced nucleus in ase1Δ mutant results in misplaced contractile ring and 
septum during cytokines (Loïodice et al., 2005). 
 Fission yeast has two kinesin-8s, klp5p and klp6p, which together form a 
hetercomplex. During interphase, they are exported to the cytoplasm. In contrast, 
during mitosis, klp5p and klp6p remain in the nucleus, which requires the existence 
of each counterpart. Individually or together, they are capable of affecting cell 
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morphology and microtubule organization, interactions with tubulin mutants, and 
altering sensitivity to microtubule drugs (West et al., 2001). Even though klp5p and 
klp6p do not influence microtubule growth rate, the klp5Δ and klp6Δ mutants display 
suppression of catastrophe and rescue frequency, which is reflected in longer 
stabilized microtubules (Unsworth et al., 2008). Accumulation of kinesin-8 during 
mitosis according to microtubule length is consistent with a modulation of the 
frequency rate of catastrophe. Deletion of either klp5p or klp6p disrupts the balance 
of forces exerted on the kinetochores, which in turn leads to the misalignment of 
chromosomes at metaphase and a delay in the onset of anaphase.  Moreover, the 
klp5Δ and klp6Δ null mutants are synthetically lethal with a deletion of the spindle 
assembly checkpoint gene bub1p, a mitotic centromere protein that is essential for 
the spindle checkpoint and the preservation of correct ploidy through mitosis (Garcia 
et al., 2002; West et al., 2002). A length-dependent control of pulling force is 
sufficient for kinetochore centering and prevents the appearance of lagging 
chromosomes in silico (Mary et al., 2015). 
 Cut7p is fission yeast kinesin-5 that was identified and characterized in early 
1990s as an essential protein involved in the separation of spindle poles during 
mitosis. The temperature-sensitive mutant, cut7p-ts, displayed abnormal V-shaped 
spindles under restrictive temperature, which did not manage to proceed through 
mitosis. During mitosis, cut7p is localized at the overlapping spindle microtubules 
and at the spindle poles, but its function near the poles has not been defined (Hagan 
and Yanagida, 1990; 1992). Kinesin-5 is a homotetrameric molecule that contains a 
conserved motor domain and a divergent stalk-tail region. In lower eukaryotes, 
kinesin-5 has a long extension at the N-terminus of the motor domain that can also 
bind microtubules. Together with N-terminus extension, the C-terminal region and 
the N-terminal motor domain, kinesin-5 has three regions that interact with 
microtubules. Furthermore, in vitro experiments showed that cut7p is able to move in 
both directions along microtubules (Edamatsu, 2014). The only other organism that 
showed bidirectional motility of kinesin-5 is S. cerevisiae. Conventionally, kinesin-5 is 
a slow, processive microtubule plus end motor. 
   
25 
1.5.! Spindle assembly – lectures from the kinetochore capture 
The mitotic spindle is the macromolecular machine that segregates chromosomes to 
two daughter cells during mitosis. The major structural elements of the spindle are 
microtubules, whose intrinsic polarity and dynamic properties are crucial for bipolar 
spindle assembly and function. As previously described, the spindle apparatus is 
regulated by many associated factors, MAPs (Walczak, 2000; Walczak and Heald, 
2008). Although most of the proteins involved in spindle formation have been 
characterized, the exact mechanism behind microtubule interactions stays unknown. 
 At the onset of mitosis, the two centrosomes start to nucleate microtubules. 
As the microtubules grow and explore space, the antiparallel microtubules approach 
to each other and interdigitate to form a mitotic spindle. At the same time they 
connect to kinetochores that are located away from the spindle poles. Several 
models have been proposed to explain how microtubules search for kinetochores 
(Pavin and Tolić, 2016). The most simplistic approach was proposed 3 decades ago 
termed "search-and-capture", in which dynamic microtubules grow in random 
directions and eventually capture the kinetochore (Kirschner and Mitchison, 1986). 
Although the "search-and-capture" model provides a theoretical basis for 
understanding kinetochore capture, it is not consistent with experimentally observed 
data. Simulations revealed that estimated time to capture 46 chromosomes would 
exceed 2 hours even with 1000 dynamic microtubules, compared to experimental 
measurements of 20–30 min (Wollman et al., 2005). These results suggested that 
additional regulation on top of intrinsic microtubule instability was necessary for time-
relevant kinetochore capture. The chromosomes were not considered as active 
participants in both spindle assembly and kinetochore capture, and they were 
compared to a ‘corpse at a funeral’ (Mazia, 1961). However, this was challenged by 
DNA injection experiments in frog eggs, in which formation of spindle-like structures 
was induced even in the absence of centrosomes or kinetochores (Heald et al., 
1996). Mitotic chromatin releases “perfume” in the form of biochemical gradients that 
promote spindle microtubule assembly. The most prominent gradient RanGTP is 
produced by the guanine nucleotide exchange factor for Ran, regulator of 
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chromosome condensation 1 (RCC1), which ubiquitously decorates chromatin. 
Together with "search-and-capture" model, this gradient would bias microtubule 
growth towards the genetic material. RanGTP is thought to contribute to spindle 
assembly in all metazoan cells in both mitosis and meiosis (Heald and Khodjakov, 
2015). Additional to biased microtubule growth, the number of microtubules can be 
expanded via nucleation along microtubules by the augmin complexes. In every 
animal and plant cell type studied so far, augmin was shown to induce microtubule-
dependent microtubule nucleation during cell division (Watanabe et al., 2016). In 
early mitosis, microtubules can also be generated at kinetochores. This feature can 
provide an additional mechanism for fast and efficient kinetochore capture and 
incorporation in the spindle. For example, S. cerevisiae generates microtubules at 
kinetochores that often interact with spindle pole microtubules along their length, 
which is thought to facilitate loading of kinetochores onto the spindle midzone. Once 
the loading is complete, nucleation at kinetochores is suppressed i.e. kinetochore-
derived microtubules do not participate in structuring of the mitotic spindle (Kitamura 
et al., 2010). All the mechanisms described above assume that microtubules probe 
the space by randomly growing and shrinking. Recent work from the Tolić group has 
shown that microtubules can move laterally and probe the space with their entire 
length as they search for kinetochores that are located far away from the spindle 
pole (Figure 1.15). Microtubules randomly pivot around the spindle pole in ATP-
independent manner. The model predicts that the speed of capture depends on how 
fast the microtubules pivot, which is dependent on thermal forces i.e. higher 
temperatures yield more diffusion where lower temperatures render less motion. 
 In addition to kinetochore capture in mitosis, the same microtubule behavior 
can be assumed in various cellular contexts. During spindle assembly, microtubules 
could cover more space by preforming angular movement around spindle pole while 
searching for the microtubules coming from the opposite pole, which would speed up 
the time needed for stable bipolar spindle formation. 
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Figure 1.15. Kinetics of kinetochore capture and the behavior of microtubules and 
kinetochores (Kalinina et al., 2013). 
Time-lapse images and the corresponding drawings of kinetochore capture, where the 
kinetochore was captured close to the microtubule tip. 
 However, this was proved to be a hard task in vivo due to dense MT network 
and close proximity of MTOCs, which makes it difficult to visualize and measure 
microtubule interactions and combined contributions to spindle formation. Thus, a 
novel approach with advanced imaging techniques was needed to demonstrate the 
underlying microtubule dynamics during spindle assembly.  
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2.! Aim of this study   
The aim of this project was to investigate microtubule dynamics and the role of 
microtubule pivoting during spindle assembly. The method was to separate spindle 
poles and induce spindle reassembly in fission yeast cells in vivo, using a custom 
designed thermoelectric device coupled with spinning disk confocal laser microscopy 
SDCLM. 
 
The key objectives of the project were: 
1.! To characterize spindle assembly in wild type cells.                     
This objective was addressed by depolymerizing grown fission yeast spindles 
and inducing subsequent repolymerization using a custom designed 
thermoelectric device in spinning disk confocal microscopy experiments. 
2.! To characterize the role of microtubule pivoting in spindle assembly. 
This objective was addressed by investigating time series images of the angle of 
the mitotic microtubules with respect to the axis between two spindle poles.   
3.! To characterize biophysical role of proteins required for spindle assembly. 
This objective was addressed by using ase1, klp5 and cut7p-ts mutant fission 
yeast strains in spinning disk confocal microscopy experiments combined with 
thermoelectric device. 
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3.! Results ! 
3.1.! Characterization of mitotic spindle assembly in wild type 
cells  
3.1.1.! Microtubule polymerization control in vivo with custom designed 
thermoelectric device  
During early spindle formation, spindle poles are too close to each other to observe 
and quantify microtubule interactions in vivo. To introduce separation between the 
spindle poles, a thermoelectric device was designed in order to depolymerize 
already formed and grown spindles (see Methods). The prototype was tested for 
effective and precise temperature changes with an independent type K
thermocouple (Figure 3.1). Once set to 0 °C, temperature dropped to 1 °C within 60 
seconds inside the sample and was maintained typically for 15 minutes followed by
rapid increase within 30 seconds when set to 24 °C. 
  
Figure 3.1. Fast temperature change with custom designed thermoelectric device.  
Temperature control inside the sample dish over time. The black line depicts the real time 
temperature displayed on the thermoelectric device panel. The red line depicts the real time 
temperature measured with an independent thermocouple. 
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The difference between the set and real temperature can be attributed to the 
environmental temperature in the microscopy room (22.5 °C.)  
To test whether this setup can depolymerize spindle microtubules in vivo, the 
fission yeast strain KI061 with GFP-labeled microtubules and SPBs was used (Table 
1). Microtubules were depolymerized within 15 minutes after exposing the cells to 1 
°C (Figure 3.2 A). Usually it would take less time at low temperatures to 
depolymerize a single microtubule lattice, however fission yeast spindles consist of 
more than 30 microtubules (Ding et al., 1993) therefore needing more time until the 
whole structure is disassembled. 
Spindles were considered disassembled when no more microtubules were 
visible and the minimum of the fluorescence plot profile for the line segment between 
two SPBs was lower than 1000 normalized A.U. After cold treatment, the average 
fluorescence intensity for measured cells was 492.28 ± 266.53 A.U. (Figure 3.2 B, n 
= 67). The cells were imaged using spinning disk confocal laser microscopy at a 
frame rate of ~ 0.5 Hz.  
Shortly after the temperature was increased to 24 °C, microtubules started to 
nucleate from SPBs (Figure 3.2 C). On average, a stable signal corresponding to 
microtubules was seen within 79.7 ± 9.06 seconds after the start of acquisition. 
Effectively this time translates into 14.7 ± 9.06 seconds after the temperature in the 
sample was stabilized due to the lag time of roughly 65 seconds that was lost on the 
initial acquisition at 1 °C and temperature transition to 24 °C. The temperature in the 
sample was maintained with accuracy of ± 0.3 K. 
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Figure 3.2. Microtubule polymerization is controlled with thermoelectric device in vivo 
(reassembly assay). 
A.! Microscopy images of fission yeast cells, strain KI061 (Sid4p-GFP as SPB marker and Atb2p-
GFP as microtubule marker, Table 1) at 15 (before depolymerization), 0 (after 
depolymerization) and 24 °C (subsequent repolymerization).  
B.! Histogram showing the integral fluorescence intensities of line segments 2 pixels wide 
between fluorescence centers of SPBs for disassembled spindles. Lowest fluorescence 
values were taken and normalized to the corresponding fluorescence signal in the cytosol. 
The black line above represents mean ± SD. 
C.! Kymograph showing microtubule growth from the right SPB once the temperature raises to 
24 °C. 
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3.1.2.! Microtubule depolymerization exposes separated spindle poles 
but reduces initial distances between them 
When subjected to cold treatment mitotic spindles disassemble due to microtubule 
depolymerization at low temperatures and leave SPBs exposed in the nuclear 
membrane (Figure 3.3 A).  Depolymerization of already grown spindles introduced 
separation between SPBs in 61 % of cells (ntotal = 84), with an average distance of 
2.43 ± 0.12 μm after cold treatment (Figure 3.3 B, n = 51). SPBs were considered 
separated if the distance between the centers of the fluorescent signal was greater 
than 1 μm, which corresponds to 6 pixels with spatial resolution of 168 nm per pixel 
(1.008 µm). For distances shorter than 1 μm (39% of cells, ntotal = 84), the noise of 
measurement was too high to distinguish what was happening with the growing 
microtubules, since the fluorescent signal of the SPB was more than 0.34 μm alone. 
Even though the average distance for cells with separated SPBs was greater 
than 1 μm, they still suffered a significant reduction compared to the initial average 
distance of 3.69 ± 0.12 μm, p < .0001 (paired t-test) (Figure 3.3 B, n = 51). 
       
Figure 3.3. SPBs are separated after microtubule depolymerization. 
A.! Microscopy images of fission yeast cells, strain KI061 (SPBs and tubulin labeled with GFP, 
Table 1) before (top panel) and after (bottom panel) cold treatment. 
B.! Bar chart of distance between SPBs (mean ± SE) before (light gray) and after (gray) 
microtubule depolymerization. 
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The reduction of distance between SPBs was observed in most cells, with a 
proportion of these experiencing more drastic shrinkage (Figure 3.4 A, n = 84). In 
summary, cells can be divided in two groups after cold treatment, cells with 
separated spindle poles and cells with non-separated spindle poles. Cells with non-
separated SPBs experienced a more robust reduction of distance between SPBs 
compared to the cells with separated SPBs (Figure 3.4 B, 0.59 ± 0.03 (m (n = 33, 
NS) compared to 2.43 ± 0.12 (m (n = 51, S), p < .0001, Welch’s unpaired t-test). 
Furthermore, the average initial distance between spindle poles prior to microtubule 
depolymerization were shorter in cells with non-separated SPBs compared to
average distances in cells with separated SPBs (3.17 ± 0.12 (m (n = 33, NS) and
3.69 ± 0.12 (m (n = 51, S) respectively, p < .005, Welch’s unpaired t-test).
Therefore, cells with initially shorter spindles experienced a more robust reduction in 
distance between SPBs during microtubule depolymerization, however more than 
60% of total observed cells still retained the separation of spindle poles.  
                    
Figure 3.4. Depolymerization of microtubules reduces the initial distance between SPBs. 
A.! Distance between SPBs after cold treatment (CT) as a function of initial SPB distance before 
cold treatment was induced, strain KI061 (Table 1). The red line indicates f(x) = x, a 
hypothetical reference value representing no change compared to the initial values. The gray 
box represents an area where SPBs were not separated. 
B.! Bar chart of distances between SPBs (mean ± SE) before (light gray) and after (dark gray) 
cold treatment in cases of separated spindle poles (S) and non-separated spindle poles (NS). 
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3.1.3.! Separation of spindle poles after spindle disassembly influences 
kinetochore position 
Microtubule depolymerization also affects positioning of genetic material. After 
spindle disassembly, a fraction of kinetochores is lost in the nucleoplasm, while the 
rest of the kinetochores are in close proximity to SPBs (Figure 3.5 A). A kinetochore 
was considered lost if the distance between the centers of fluorescent signal of the 
kinetochore and the fluorescent signal of the closer SPB was greater than 0.34 μm, 
which corresponds to two pixels with the spatial resolution of 168 nm. The fraction of 
the lost kinetochores was calculated using the actual number of lost kinetochores 
rather than using the number of cells with lost kinetochores (Kalinina et al., 2013). 
The lost kinetochores were mostly observed in cells with separated spindle poles (n 
= 51). Only one cell with distances less than 1 μm exhibited a lost kinetochore 
(Figure 3.5 B).  
                       
Figure 3.5. Separation between SPBs introduces lost kinetochores. 
A.! Microscopy images of fission yeast cells, strain KI061 (SPBs and tubulin labeled with GFP 
shown in green, Ndc80p (kinetochore protein) labeled with tdTomato in magenta, Table 1). 
The top panel shows mitotic cells prior to cold treatment, and the bottom panel shows the 
respective cells after microtubule depolymerization. The lost kinetochores (KC) do not have 
connection to SPBs. Scale bar represents 1 μm. 
B.! Fraction of lost kinetochores after cold treatment for separated (S, light gray) and non-
separated (NS, dark gray) spindle poles (mean ± SE). 
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3.1.4.! Microtubules reconstitute the mitotic spindle at permissive 
temperature  
Depolymerization of already formed metaphase spindles introduces separation 
between two spindle poles, which in turn allows observation of dynamic reassembly 
of the mitotic spindle in vivo (Figure 3.6 A). 
                                 
Figure 3.6. Microtubules reassemble the mitotic spindle after cold treatment. 
A.! Time-lapse images of wild-type cell during spindle reassembly strain KI061 (SPBs and tubulin 
labeled with GFP, Table 1). Images were taken using spinning disk confocal microscopy 
(maximum projection is shown). Time is indicated as min:sec. Scale bar represents 1 μm. 
B.! Kymograph of the cell from A. showing microtubule growth over time. The green line 
indicates frame of reassembly i.e. when microtubules from opposite poles connect. 
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After depolymerization, no microtubules were visible in the nucleoplasm. Once the 
temperature was raised to a permissive one, microtubules started to nucleate from 
SPBs and, within a couple of minutes microtubules growing from the opposite poles 
connected and reassembled the mitotic spindle (Figure 3.6 A). When the reassembly 
was completed the spindle continued to expand for the remaining observation time 
(Figure 3.6 B). To characterize spindle reassembly, the cells were monitored for 10 
minutes, in order to stay within the usual reported time necessary for spindle 
formation and metaphase duration, roughly 10 minutes at 26 °C (Nabeshima et al., 
1998). 
 During reassembly, growing microtubules laterally explored the nucleoplasm 
and interdigitated to form the spindle. Two main types of spindle formation were 
distinguished based on the lengths of the antiparallel microtubules at the time of 
initial connection. The microtubules of similar lengths and fluorescent signal mostly 
established the initial connection in the spindle midzone. After the initial connection, 
the microtubules stayed together and further joined until the midzone achieved a 
stable straight shape, this was defined as reassembly (Figure 3.7). 
 
Figure 3.7. Reassembly of the mitotic spindle: Microtubules of similar lengths connect in 
the midzone.  
Time-lapse images of wild-type cell, strain KI061 (SPBs and tubulin labeled with GFP, Table 1). 
Images were taken using spinning disk confocal microscopy (maximum projection is shown). 
Time is indicated as min:sec. Scale bar represents 1 μm. 
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On the other hand, when antiparallel microtubule lengths were different, shorter 
microtubules of lower fluorescent intensities usually established a connection with 
longer ones. The longer microtubules were observed growing towards the other 
spindle pole without exerting much movement and once they reached the proximity 
of the shorter microtubules from the opposite pole, the shorter ones would capture 
the longer ones and the spindle would reassemble (Figure 3.8). 
 These mechanisms could be explained through different dynamics of rod-like 
particles of different lengths (Mercedes, 1984; Pecora, 1985). Considering the 
microtubules as straight dynamic rods growing and moving through nucleoplasm, the 
shorter rods would move faster than the longer rods and thus allow the spindle to 
form faster. When the microtubules are of the same lengths, they have equal 
chances to capture one another since their movements should have the same 
behavior.  
 
Figure 3.8. Reassembly of the mitotic spindle: Short microtubule captures long bundle. 
Time-lapse images of wild-type cell, strain KI061 (SPBs and tubulin labeled with GFP, Table 1). 
Images were taken using spinning disk confocal microscopy (maximum projection is shown). 
Time is indicated as min:sec. Scale bar represents 1 μm. 
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3.1.5.! Spindle reassembly is dependent on the distance between 
spindle poles 
Figures 3.7 and 3.8 clearly show that microtubules are able to reconstitute the 
spindle. During a 10-minute time-lapse, 74 % of the cells reassembled their spindles 
(Figure 3.9 A, ntotal = 86). The correlation between the reassembly time and the 
starting distance when the first microtubules appear was observed between the 
repaired cells. The cells with separated spindle poles repaired their spindles on 
average within 5 minutes, while cells with non-separated spindle poles repaired their 
spindles on average within 3 minutes (Figure 3.9 B, n = 31 and 33 respectively).  
                               
Figure 3.9. Reassembly time depends on a distance between SPBs after CT.  
A.! Reassembly time as a function of distance between SPBs at the onset of microtubule 
nucleation (Distance0). Green error ellipses correspond to standard deviation of 1 (green) and 
2 (light green) for a Gaussian distribution with 90 % confidence interval. The gray box 
represents an area of all cells that did not manage to repair their spindles within monitoring 
time of 10 minutes (unrepaired spindles are shown as light green dots). 
B.! Bar chart of reassembly time (mean ± SE) for separated spindle poles (light gray, S) and non-
separated spindle poles (dark gray, N). 
0 1 2 3 4 5 6 7 8
0
1
2
3
4
5
6
7
8
9
10
11
0.0
1.0
2.0
3.0
4.0
5.0
6.0
"
 
           S      N 
A B 
Re
as
se
m
bly
 tim
e 
(m
in)
 
Re
as
se
m
bly
 tim
e 
(m
in)
 
Distance0 (µm) 
   
39 
These results suggest that the cells that did not manage to repair their spindles had 
longer distances between SPBs at the onset of microtubule nucleation. Indeed this is 
the case, with an average SPB distance after cold treatment of 3.0 ± 0.15 μm for 
cells that could not repair compared with 2.11 ± 0.14 μm for cells that could repair (n 
= 31 and 22 respectively, p < .0001 (Welch’s unpaired t-test)). In conclusion, when 
the distance between SPBs after cold treatment is larger than 3 μm the likelihood for 
reassembly drops significantly (Figure 3.10). Only 6 % of the cells repaired their 
spindles at SPB distances larger than 3 μm (ntotal = 86). 
                                                     
Figure 3.10. Distance between SPBs determines spindle reassembly. 
Bar chart of average distance between SPBs after cold treatment (mean ± SE) for the cells that 
managed to repair their spindles (light gray, S), and the cells that did not repair their spindles 
(dark gray, NR). 
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3.1.6.! Spindles elongate after reassembly 
To test whether the spindle assembly was successful, spindle elongation was 
monitored after reassembly. For better comparison, the distances between two 
SPBs were taken from 1 minute before, followed by 4 minutes after the spindle 
reassembly. SPB distances did not change during the repair process (average 
elongation rate of 0.01 (m/min), however once the spindles reassembled they
elongated at 0.21 (m/min (Figure 3.11 A, n = 49), which is comparable to typical 
wild-type elongation during spindle formation (Syrovatkina et al., 2013).  
              
Figure 3.11. Spindles elongate after reassembly.  
A.! Distance between SPBs as a function of time. The gray lines represent distances between 
SPBs for repaired wild-type cells. The gray box represents an area of 1 minute prior to 
spindle reassembly. Red line represents a linear fit f(x) = ax + c with weights 1/SE, where 
parameter a yields growth velocity of 0.0035 (m/s (0.21 (m/min). Dark red line represents a 
linear fit f(x) = ax + c with weights 1/SE, where parameter a yields growth velocity of 0.0002 
(m/s (0.01 (m/min).  
B.! Bar chart of distances between SPBs (mean ± SE) at the reassembly time (light gray) and at 
minute 10 (dark gray) in cases of separated spindle poles (S) and non-separated spindle 
poles (N). 
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Interestingly, after reassembly the cells with non-separated SPBs experienced more 
dramatic spindle growth from 0.77 ± 0.05 μm to 2.44 ± 0.13 μm (Figure 3.11 B, n = 
33, p < 0.0001 (paired t-test)), compared to the cells with separated SPBs from 1.72 
± 0.09 μm to 2.62 ± 0.15 μm (n = 31, p < 0.0001 (paired t-test)). Nevertheless, there 
was no difference between average distances of cells with non-separated and 
separated SPBs at minute 10 (2.44 ± 0.13 μm (n = 33) and 2.62 ± 0.15 μm (n = 31) 
respectively, p = 0.35, Welch’s unpaired t-test)).  
 Physiologically, spindles reach a steady state constant metaphase length 
after spindle formation and initial elongation. The phase of constant spindle length is 
believed to play an important role for proper attachment of microtubules to 
kinetochores in order to ensure a faithful segregation of the genetic material (Fu et 
al., 2015; Goshima and Scholey, 2010; Syrovatkina et al., 2013). Therefore, 
comparable distance between the two groups could be a consequence of spindles 
reaching the steady-state metaphase lengths. To estimate if the cells reached the 
metaphase plateau, positions of the kinetochores were assessed after a 10-minute 
time-lapse (reassembly assay) for all cells that were in metaphase prior to cold 
treatment. Accordingly, 62 % of the cells that repaired their spindles were in 
metaphase after reassembly assay (ntotal = 61), which suggests that the majority of 
the cells reached metaphase plateau within 10-minute time-lapse.  
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3.1.7.! Kinetochores are recovered after the spindle reassembly  
Once the antiparallel microtubules make a connection they reassemble the 
cytoskeletal lattice, but what happens to the genetic material? To answer this, 
positions of the kinetochores were reevaluated after a 10-minute time-lapse (Figure 
3.12 A). The total fraction of lost kinetochores decreased after 10 minutes from 43 % 
to 7 % (Figure 3.12 B, ntotal = 86), meaning the most of kinetochores were captured 
and reincorporated into their respective spindles.  
 
                    
Figure 3.12. Kinetochores are reincorporated into spindle after reassembly. 
A.! Microscopy images of fission yeast cells, strain KI061 (SPBs and tubulin labeled with GFP 
shown in green, Ndc80p (kinetochore protein) labeled with tdTomato in magenta, Table 1). 
Top panel showing mitotic cells prior cold treatment, middle panel showing respective cells 
after microtubule depolymerization and bottom panel showing the cells after 10-minute 
acquisition. Scale bar represents 1 μm. 
B.! Fraction of lost kinetochores (mean ± SE) after cold treatment (light gray) and after 10-minute 
acquisition (dark gray). 
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3.2.! Characterization of microtubule pivoting in spindle 
assembly 
3.2.1.! Microtubules perform angular movement during spindle 
reassembly 
As shown in the previous section, it is possible to observe spindle assembly with 
physical separation of spindle poles by controlling microtubule polymerization in our 
reassembly assay. In order to understand and quantify the mechanism of spindle 
assembly, microtubule dynamics were studied. Two types of spindle formation were 
distinguished based on different connection initiation of antiparallel microtubules, 
which can be explained as a consequence length dependent dynamics. During 
spindle reassembly microtubules did not only exhibit growth and shrinkage but also 
explored the nucleoplasm by performing angular movements around the SPB. This 
microtubule pivoting can be seen as a change in microtubule orientation with respect 
to the SPB axis (Figure 3.13). 
 
                                                  
Figure 3.13. Schematic representation of angular movement.    
Microtubules change their orientation with respect to the SPB axis. In the drawing, microtubules 
are shown as green rods attached to green circles representing SPBs. Gray rods represent prior 
microtubule orientations. The red dashed line represents the distance between SPBs. The gray 
shaded ellipse represents nucleus. 
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As soon as the temperature reached the permissive value, microtubule pivoting was 
observed in all cells that had their SPBs separated during the reassembly time (n = 
51). Microtubule polymers attached to the SPB by their minus end, changed the 
orientation of the free plus end with respect to the SPB axis (Figure 3.14). 
The cells with non-separated spindle poles were excluded from this 
investigation of microtubule dynamics since a distance between SPBs of less than 1 
μm was too small to make any conclusive measurements. Only microtubules that 
appeared before spindle reassembly with traces longer than 1 minute were manually 
tracked and analyzed from maximum projections. Microtubule polymers were given 
freedom to change their orientation and direction (negative values) from 0 to 360 
degrees. Nonetheless, microtubule movement was confined to the size of nucleus 
since fission yeast undergoes closed mitosis (Boettcher and Barral, 2013). 
 In order to evaluate microtubule pivoting, time series of the angle of 
microtubules joining the spindle were investigated. Microtubules were considered 
incorporated into the spindle when the last observed angle was below an absolute 
value of 15 degrees (Figure 3.15). In theory the angle at which spindle incorporation 
occurs should be 0 degrees however in this set-up, the average spindle thickness 
 
Figure 3.14. Microtubules perform angular movement around the SPB. 
Time-lapse images of wild-type cell, strain KI061 (SPBs and tubulin labeled with GFP, Table 1). 
Images were taken using spinning disk confocal microscopy (maximum projection is shown). 
Time is indicated as min:sec. Scale bar represents 1 μm. 
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was 2 pixels (n = 20), which introduced angle variations as only one pixel was 
considered as a microtubule tip. 
 
Figure 3.15. Microtubules incorporate into spindles. 
Typical examples of angular traces (#) of 12 microtubules from different cells, strain KI061 (Table 
1), 1 minute before incorporating into the spindle. The gray box represents an interval from -15 to 
15 degrees at which spindle incorporation occurs i.e. closing to 0 degrees. The values may vary 
due to spindle thickness. 
To confirm that most of the microtubules incorporated into the spindle, the 
distribution of the last observed angle of microtubules was analyzed. Approximately 
64% of microtubules reached angles below 15 degrees (Figure 3.16, ntotal = 66). The 
rest of the microtubules continued to pivot until they disappeared, i.e. until they 
rapidly depolymerized or until the end of acquisition. 
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Figure 3.16. Angular distribution of the microtubules at the last observable frame. 
Histogram of angular distribution of microtubules at the last frame they were observed (shown in 
green). The numbers along the circumference of the angular histogram represent binned angles 
between microtubules and the distance between SPBs. Each bin has two 15-degree intervals. 
The length of each bin represents the number of angles that fall within a group. Strain KI061 was 
used (Table 1). 
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3.2.2.! Distribution of free microtubules during spindle reassembly 
It has previously been reported that the number of free microtubules changes during 
mitosis (Sagolla et al., 2003). To evaluate these changes in our in vivo system the 
number of free microtubules was measured every minute for 5 minutes, starting from 
t0, the point at which the microtubule was initially observed. Within 1 minute of 
spindle reassembly, the number of free microtubules reached the maximum average 
of 4 microtubules per cell (n = 29). In the following minutes, the number of free 
microtubules gradually decreased due to successful spindle reassembly. At minute 
4, more than 66 % of cells reassembled their spindles (ntotal = 29) with a significant 
reduction in free microtubule number compared to minutes 3, 2 and 1 (Figure 3.17, p 
< .05, p < .05 and p < .005 respectively (paired t-test)).  
                              
Figure 3.17. Number of free microtubules declines after spindle reassembly. 
Each box plot indicates the number of microtubules starting at the onset of microtubule nucleation 
(t0), followed by 1-minute intervals for 5 minutes. The box and whisker plots show the range, 
mean and quartile of the measurements. The highlighted green box at minute 4 specifies 
microtubule distribution shortly after average reassembly time. Strain KI061 was used (Table 1). 
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3.2.3.! Microtubules join into bundles during spindle reassembly 
During mitosis microtubule polymers join together to form the mitotic spindle. 
Antiparallel microtubules connecting in the midzone, build the main backbone that 
holds the whole spindle apparatus together. Moreover, microtubules coming from the 
same spindle poles also connect in a parallel fashion (Braun et al., 2009; Tolić-
Nørrelykke, 2008). In the previous sections it was shown that antiparallel association 
of microtubules repairs the spindle following cold treatment in our system. To test 
whether nascent microtubules make parallel bundles during spindle reassembly, 
fluorescence signal was compared between microtubules in repairing spindles and 
single interphase microtubules in the same field of view. It is possible to estimate 
single microtubule tips that extend toward the cell wall in the cytoplasm of interphase 
fission yeast cell (Höög et al., 2011; Sagolla et al., 2003). Microtubules were growing 
mostly in bundles of 2 and they were able to bundle up 4 microtubules per growing 
arm (Figure 3.18, n = 23).  
                                           
Figure 3.18. Microtubules grow in bundles. 
Histogram showing number of microtubules per bundle, normalized to the fluorescent signal of 
single interphase microtubules. The black line above represents mean ± SD. 
  Additionally to growing in bundles, microtubules were also joining into 
bundles during spindle reassembly, observed as an increase in fluorescence signal 
(red peak) compared to no bundling (gray peaks) (Figure 3.19 A). 
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After spindle reassembly, microtubules were observed incorporating into 
already formed spindles, presumably reinforcing the structure (Figure 3.19 B).  
              
                         
Figure 3.19. Microtubules are joining into bundles. 
A.! On the left, time-lapse images of wild-type cell microtubules joining into a bundle, strain 
KI061 (SPBs and tubulin labeled with GFP, Table 1). The yellow transparent line segment 
indicates a typical area taken for plot profile measurements of microtubule bundling. Images 
were taken using spinning disk confocal microscopy (maximum projection is shown). Time is 
indicated as min:sec. Scale bar represents 1 (m. On the right, corresponding fluorescence 
intensities to the line segment on the left over time (from gray to red). 
B.! On the left, time-lapse images of microtubules joining into an already formed spindle in strain 
KI061. On the right, corresponding fluorescence intensities to the line segment on the left 
over time (from gray to red). 
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3.2.4.! Pivoting of microtubules during mitosis is a random process 
Previously, it was shown that microtubules pivot and bundle during spindle 
reassembly by changing their orientation with respect to the SPB axis. To distinguish 
whether microtubule pivoting in spindle reassembly was random or directed 
movement, mean square angular displacement (MSAD) was calculated (Kalinina et 
al., 2013). MSAD was calculated for all microtubules, irrespective of their bundling 
state, that appeared prior to spindle reassembly, of lengths between 1 and 2 μm 
over a 20 second time series, for overlapping time intervals (n = 598).  
 For one-dimensional random movement, the MSAD(∆t) plot should have linear 
time dependence: 
MSAD(∆t)!=!2dD∆t!,!
where D is the diffusion coefficient, ∆t is the time scale over which the angular 
movement is observed and d corresponds to dimensionality (1 dimension for angular 
diffusion).  
 The data was binned with weights corresponding to the reciprocal value of 
the standard error of the mean of the respective bin. Since calculated MSAD scales 
linearly with time, a linear fit was used to assess the diffusion coefficient of pivoting 
microtubules (Figure 3.20): 
MSAD(∆t)!=!2dD∆t!!+!offset!,!
MSAD(∆t)!=!(9.08!±!0.7!degrees2/s)∆t!+!17!degrees2.!
  The linear equation rendered coefficient D of 4.54 degrees2/s. Goodness of 
the fit R-square was 0.99. Altogether, this suggested that microtubule pivoting during 
spindle reassembly was stochastic movement.  
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Figure 3.20. Pivoting of microtubules is a random process. 
Mean squared angular displacement (MSAD) of the microtubules (mean ± SE). The data was 
fitted (green line) using linear equation MSAD = 2dDMT∆t + offset with weights 1/SE, where DMT is 
the diffusion coefficient of pivoting microtubules, ∆t is the time scale over which the angular 
movement is observed and d corresponds to dimensionality (1 dimension for angular diffusion). 
Microtubules of length 1–2 μm with 20-seconds-long time series were used, n = 598 (Strain 
KI061, Table 1).  
 
 Furthermore, taken from the Einstein–Smoluchowski relation, the general 
expression for diffusion is 
D!=!µkBT,!
where D is the diffusion coefficient, µ is mobility of the particle, kB is Boltzmann’s 
constant and T is the absolute temperature (Einstein, 1905; von Smoluchowski, 
1906). This means that diffusion of a particle is dependent on the mobility of the 
particle and the temperature in the system.  
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To clarify mobility of the particle, the previous expression is combined with Stokes' 
law to describe diffusion of spherical particles (Stokes-Einstein relation): 
! = kBT
6πηr
#,!
where D is the diffusion coefficient, µ is mobility of the particle, kB is Boltzmann’s 
constant, T is the absolute temperature, η is the viscosity of the medium and r is the 
radius of the particle. Consequently, this means that diffusion is dependent on the 
radius of the spherical particle and viscosity of the medium. However, microtubules 
are straight rods and the diffusion of a thin rod must be described with correction for 
the radius: 
! = 3 ∙ 180* ln(./) kBT4π1.1η #,!
where L is length of the rod and d is the diameter of the rod (Kalinina et al., 2013; 
Tirado, 1979). Since microtubules are thin rods with L >> d, their diffusion depends 
on their lengths. During reassembly, microtubule length was constantly fluctuating 
(Figure 3.21 A). To better approximate microtubule diffusion, 20-second-long 
microtubule angular traces were sorted according to microtubule lengths in 1-μm 
intervals. Angular diffusion coefficients decreased with microtubule lengths, i.e. 
longer microtubules exhibited less diffusion (Figure 3.21 B).  
 In terms of spindle reassembly, longer microtubules are more retarded in 
space, therefore finding and connecting to another antiparallel microtubule bundle 
should take more time. In contrast, shorter microtubules explore the nucleoplasm 
faster, which should result in faster spindle reassembly. This was confirmed in the 
previous sections where cells with shorter pole-to-pole distances (< 1 μm) repaired 
their spindles faster compared to cells with larger pole-to-pole distances. In 
summary, these results suggest that microtubule pivoting during spindle reassembly 
is a random movement that helps microtubules to achieve antiparallel connections 
and is dependent on the microtubule length.  
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Figure 3.21. Angular diffusion coefficient is dependent on microtubule length. 
A.! Microtubule length as a function of time for 66 microtubules. Note that microtubules have 
different trace lengths due to their different lifetime (Strain KI061, Table 1). 
B.! Angular diffusion coefficient as a function of microtubule length (mean ± SE). Angular 
diffusion coefficient was calculated and binned according to microtubule lengths, 0.5-1.5 (m, 
1.0-2.0 (m and 1.5-2.5 (m (n = 1057, 598 and 427 respectively). The data was fitted (green 
line) by using the equation f(x) = axb with weights 1/SE, where a = 10.27 and b = -1.903. 
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3.3.! Characterization of proteins required for spindle 
assembly 
In previous chapters, it was shown how microtubules reconstitute the spindle, based 
on their dynamics and distance between two SPBs in the reassembly assay. 
Microtubules were able to repair spindles by making antiparallel connections in the 
spindle midzone due to their pivoting motion.  
 Spindle assembly is supported not only by the sheer mechanical properties of 
microtubule polymers, but also dozens of microtubule-associated proteins (MAPs) 
that regulate microtubule dynamics, microtubule coupling, facilitating of genetic 
material and other proteins involved in mitotic control (Lyle et al., 2009a; 2009b; 
Maiato et al., 2004). In this chapter, mutant fission yeast strains were used to 
characterize key players in spindle assembly that regulate microtubule dynamics and 
microtubule coupling. In order to study impact of MAPs involved in proper spindle 
assembly, three main candidates were selected based on preliminary experiments 
and existing literature. The idea was to introduce instability between antiparallel 
microtubule connections and/or to change microtubule lengths, which both affect 
balance of the outward-pushing and inward-pulling force. By deleting target proteins 
(single deletions) and exposing mutants to reassembly assay, it was possible to 
observe direct changes in spindle repair compared to wild-type cells.  
 The first candidate was ase1p, which was characterized as a passive bundler 
of antiparallel microtubules that contributes to the outward-pushing force in the 
metaphase spindle (Loïodice et al., 2005; Syrovatkina et al., 2013). Removal of 
ase1p was implicated in shorter spindles and premature spindle collapse during 
anaphase B due to unstable overlap between antiparallel microtubules (Yamashita 
et al, 2005). In order to study the function of ase1p in spindle reassembly, a deletion 
mutant strain (LW050) was created and used in spinning disk confocal microscopy 
experiments. 
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 The second candidate was Kinesin-8 klp5p, which was characterized as a 
plus-end depolymerase that contributes to the inward-pulling force in the metaphase 
spindle (Syrovatkina et al., 2013; Varga et al., 2009). Removal of klp5p was 
implicated in longer spindles comprised of hyperstable microtubules due to 
decreased catastrophe rates. Consequently, longer spindles have higher rates of 
chromosome mis-segregation and delayed progression through mitosis (West et al., 
2002). In order to examine how increase in microtubule lengths affects spindle 
reassembly, a deletion mutant strain (LW065) was created and used in spinning disk 
confocal microscopy experiments. 
 The third candidate was Kinesin-5 cut7p, which was characterized as an 
essential active connector of antiparallel microtubules, maintaining spindle bipolarity, 
that also functions as a plus-end polymerase contributing to the outward-pushing 
force in the metaphase spindle (Chen and Hancock, 2015; Hagan and Yanagida, 
1990; 1992). Since cut7p is an essential protein, single deletion mutants are not 
viable. Abrogation of cut7p function was implicated in early spindle collapse and 
inability to maintain antiparallel microtubule connections rendering so called V-
shaped spindles, where two spindle poles are locked together and microtubules 
protrude outwards in 2 bundles typically (Hagan and Yanagida, 1990). In order to 
study the function of cut7p in spindle reassembly, labeled cut7p strain (LW042) and 
termo-sensitive mutant strain (CF.391) were used in spinning disk confocal 
microscopy experiments. 
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3.3.1.! Ase1p contributes to the outward-pushing force on the mitotic 
metaphase spindle 
To test Ase1p role in spindle reassembly, the ase1" mutant strain was subjected to 
the reassembly assay. In the absence of ase1, metaphase spindles were shorter, 
with average length of 2.03 ± 0.12 (m, compared to wild-type spindles with 3.4 ± 0.1 
(m (Figure 3.22 B, n = 17 and 31 respectively, p < .0001, Welch’s unpaired t-test).
This is in accordance with previous findings (Syrovatkina et al., 2013). After 
depolymerization, the ase1" mutant showed a reduction in initial SPB distances in 
95 % of cells (Figure 3.22 A, ntotal = 61). 
                     
Figure 3.22. Ase1p contributes to the outward-pushing force on the mitotic spindle. 
A.! Distance between SPBs after cold treatment (CT) as a function of initial distance between 
SPBs before cold treatment was induced. Strains KI061 and LW050 were used (green and 
yellow respectively, Table 1).  The red line indicates f(x) = x, a hypothetical case representing 
no change compared to the initial values. The gray box represents an area where SPBs were 
not separated. 
B.! Bar chart of distances between SPBs (mean ± SE) before (light green, light yellow) and after 
cold treatment (dark green, dark yellow) in cases of separated spindle poles (S) and non-
separated spindle poles (N) in wild-type (green, KI061) and ase1" strain (yellow, LW050). 
Significance notation above ase1" bars indicates comparison to the respective wt groups. 
Dist. between SPBs before CS (7m)
0 1 2 3 4 5 6 7 8
Di
st.
 b
et
we
en
 S
PB
s a
fte
r C
S 
(7
m
)
0
1
2
3
4
5
6
7
8
****
***
****
NS
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
1
 
      S        N 
 
     S        N  
Di
sta
nc
e 
be
tw
ee
n 
SP
Bs
 (µ
m
) 
A B 
   
57 
Similar to wild-type, two classes of cells were observed after cold treatment, the 
ones with separated SPBs with average distance of 1.46 ± 0.08 μm and the ones 
with non-separated SPBs with 0.57 ± 0.02 μm that experienced stronger shrinkage 
(n = 17 and 44 respectively, p < .0001, Welch’s unpaired t-test). Even though 
separation of SPBs was visible in 28 % of cells (ntotal = 61), the average SPB 
distance was shorter compared to wild-type after depolymerization (1.46 ± 0.08 μm 
(n = 17, S) compared to 2.06 ± 0.14 μm (n = 31, S), p < .001, Welch’s unpaired t-
test). In contrast, the cells with SPB distances shorter than 1 μm did not show 
considerable difference between ase1 mutant and wild-type (Figure 3.22 B, 0.57 ± 
0.02 μm (n = 44, N) compared to 0.77 ± 0.05 μm (n = 33, N), p = 0.6, Welch’s 
unpaired t-test). 
 For the calculations above, only cells that eventually repaired their spindles 
were used since ase1∆ cells do not have labeled SPBs, resulting in poor SPB 
recognition and inability to track the poles in cells that did not repair their spindles. 
The position of poles in ase1 mutant was estimated by microtubule fluorescence 
signal. The stage of mitosis was assessed prior cold treatment by fluorescence 
signal of the kinetochores. 
3.3.2.! Ase1p is required for stable microtubule connection in the 
midzone during spindle repair 
Ase1∆ mutants are able to form spindles and progress normally in early mitosis. 
However once the mutants reach the elongation phase (anaphase B) their spindles 
collapse, which implicates ase1p as a microtubule midzone stabilizer during late 
anaphase (Yamashita et al, 2005). Indeed, in the reassembly assay microtubules 
were able to reconstitute a spindle that continued to grow after reassembly but 
eventually collapsed (Figure 3.23). Collapse was defined as a reduction in spindle 
length larger than 0.672 μm (4 pixels) or a visible loss of microtubule overlap in the 
spindle midzone. The process of spindle collapse is not instantaneous and it usually 
takes more than 5 frames, roughly more than 10 seconds, to reach a new steady 
spindle length (Figure 3.23 B). 
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Figure 3.23. Ase1∆ mutant displays premature spindle collapse. 
A.! Time-lapse images of ase1∆ cell during spindle reassembly, strain LW050 (tubulin labeled 
with GFP, Table 1). The yellow line indicates the frame of reassembly. The red line indicates 
the frame of collapse (shortest spindle length after midzone weakens). Images were taken 
using spinning disk confocal microscopy (maximum projection is shown). Time is indicated as 
min:sec. Scale bar represents 1 μm. 
B.! Kymograph of the cell from A. showing microtubule growth over time. The yellow line 
indicates the frame of reassembly. The red line indicates the frame of collapse. Scale bar 
represents 1 μm. 
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Approximately 73 % of ase1∆ cell cells reassembled their spindles (ntotal = 95) and 
more than half of them experienced collapse and/or shrinkage. Shrinkage was 
defined as a decrease in length of the reassembled spindle for 0.336 – 0.672 μm (2 
– 4 pixels). In total 48 events of shrinkage and 53 events of collapse were observed 
in 70 cells. Some cells experienced multiple events of collapse and shrinkage 
(Figure 3.24). 
 
Figure 3.24. Ase1 mutant can undergo multiple collapses. 
Time-lapse images of ase1∆ cell, strain LW050 (tubulin labeled with GFP, Table 1). Images 
were taken using spinning disk confocal microscopy (maximum projection is shown). The yellow 
arrow indicates reassembly frame (the first stable event of antiparallel microtubules joining in the 
midzone). The red arrow indicates the frame of collapse (shortest spindle length after midzone 
weakens). Note that 2 collapses were observed in the cell. Time is indicated as min:sec. Scale 
bar represents 1 μm. 
In the example above (Figure 3.24), the first collapse happened due to the weak 
connection between antiparallel bundles that can be observed as a region of lower 
fluorescence signal in the spindle midzone. The thicker microtubule on the left is 
observed to slide over the right microtubule bundle, thereby reducing the spindle 
length. The spindle managed to repair again however, during the following minutes, 
the connection in the midzone was lost and the spindle collapsed for the second 
time. 
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 In theory, if a cell experiences multiple spindle collapses, it would need to 
have a corresponding number of spindle reassemblies i.e. the spindle must repair in 
order to suffer collapse again. 
The fact that ase1∆ spindles were observed to repair again after collapse led to the 
assumption that these collapses were not a consequence of cells entering anaphase 
B, since once ase1 mutants experience the collapse in anaphase B they do not 
repair again (Yamashita et al., 2005). When the cells enter anaphase B, their genetic 
material is already segregated (Nabeshima et al., 1998).  
To evaluate the mitotic stage of ase1∆ cells in this system, positions of kinetochores 
were assessed before and after the 10-minute reassembly assay. More than 87 % of 
spindles were found in metaphase after the reassembly assay, meaning that the 
observed collapses were not a result of cells progressing to anaphase (ntotal = 64, 
selected examples below, Figure 3.25). Taken together with wild-type spindles 
where no collapses were observed, these results suggest that ase1p is indeed 
required for stable microtubule connection in the midzone during spindle formation.   
 
Figure 3.25. Ase1 mutant remains in metaphase after collapse. 
Microscopy images of ase1∆ cells, strain LW050 (tubulin labeled with GFP shown in green, 
Ndc80p (kinetochore protein) labeled with tdTomato in magenta, Table 1). Images were taken 
using spinning disk confocal microscopy (maximum projection is shown). BCS indicates mitotic 
cells prior cold treatment. Spindle collapse is represented by 4 time-lapse images in green 
channel. ACS indicates the same cells after cold treatment. Time is indicated as min:sec. Scale 
bar represents 1 μm. 
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3.3.3.! Ase1p reduces the time needed for spindle repair 
As shown in Figure 3.22 B, in absence of ase1 the average distance between SPBs 
was shorter by about 0.5 μm compared to wild-type at the onset of microtubule 
nucleation (for cells with separated SPBs). This data suggests that the spindles need 
less time to reassemble in ase1∆. Nevertheless, ase1∆ mutants did not show any 
change in reassembly time compared to wild-type (Figure 3.26 B, 5.07 ± 0.58 
minutes (n = 17, S) compared to 5.07 ± 0.48 minutes (n = 31, S), p = 0.99 and 2.58 ± 
0.12 minutes (n = 44, N) compared to 2.92 ± 0.19 minutes respectively (n = 33, N), p 
= 0.19, Welch’s unpaired t-test). Therefore, ase1∆ mutants took more time to repair 
spindles than expected given the initial separation between the poles. 
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Figure 3.26. Ase1" cells with shorter SPB distance reassemble their spindles at the same
time-scale as wild-type with longer SPB distance. 
A.! Reassembly time as a function of distance between SPBs at the onset of microtubule 
nucleation (Distance0) for wt and ase1" (green and yellow respectively). Green error ellipses 
correspond to standard deviation of 1 (green) and 2 (light green) for a Gaussian distribution 
with 90 % confidence interval for wt (strain KI061, Table 1). Yellow error ellipses correspond 
to standard deviation of 1 (yellow) and 2 (light yellow) for a Gaussian distribution with 90 % 
confidence interval for ase1" (strain LW050, Table 1). The gray box represents an area of all 
cells that did not manage to repair their spindles within monitoring time of 10 minutes 
(unrepaired spindles are shown as faded dots). Note that ase1" has only 2 unrepaired 
spindles. There are 24 more unrepaired spindles in the dataset, however the positions of their 
SPBs at Distance0 could not be estimated. 
B.! Bar chart of reassembly time (mean ± SE) for separated spindle poles (S) and non-separated 
spindle poles (N) in wild-type (green, KI061) and ase1" strain (yellow, LW050). Significance 
notation above ase1" bars indicates comparison to the respective wt groups. 
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3.3.4.! Spindles in ase1" mutant elongate at a slower rate after spindle 
reassembly 
To evaluate spindle growth in ase1" mutants, the distances between SPBs were 
taken from 1 minute before, followed by 4 minutes after spindle reassembly. During 
the repair process the average distance between SPBs did not change (average 
elongation rate of -0.0005 (m/min). In contrast, after spindles repaired they 
elongated with an average rate of 0.10 (m/min (Figure 3.27 A, n = 32), comparable 
to spindle elongation of ase1" mutants during prophase (Syrovatkina et al., 2013).  
            
Figure 3.27. Spindle elongation is slower in ase1 mutant.  
A.! Distance between SPB as a function of time. The gray lines represent distances between 
SPBs for repaired ase1". The gray box represents an area of 1 minute prior to spindle 
reassembly. Red line represents a linear fit f(x) = ax + c with weights 1/SE, where parameter 
a yields growth velocity of 0.0017 (m/s (0.10 (m/min). Dark red line represents a linear fit f(x) 
= ax + c with weights 1/SE, where parameter a yields shrinkage velocity of 0.0005 (m/min.  
B.! Bar chart of distances between SPBs (mean ± SE) at the time of reassembly (light green, 
light yellow) and at 10 minutes of reassembly assay (dark green, dark yellow) in cases of 
separated spindle poles (S) and non-separated spindle poles (S) in wild-type (green, KI061) 
and ase1" strain (yellow, LW050). Significance notation above ase1" bars indicates
comparison to the respective wt groups. 
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When SPB distances of ase1∆ mutants at the reassembly time were compared to 
the SPB distances at 10 minutes of reassembly assay, no significant difference was 
observed between the cells with separated SPBs, while the cells with non-separated 
SPBs experienced significant spindle growth (Figure 3.27 B, from 1.30 ± 0.12 μm to 
1.45 ± 0.18 μm (n = 17, p = 0.21, paired t-test), compared to the cells with non-
separated SPBs from 0.72 ± 0.03 μm and 1.63 ± 0.11 μm (n = 52, p < 0.0001, paired 
t-test)). 
 Furthermore, ase1∆ mutants experienced less spindle growth compared to 
wild-type, even though the difference in reassembly time for cells with non-separated 
SPBs was negligible (Figure 3.27 B, 0.72 ± 0.03 μm compared to 0.77 ± 0.05 μm at 
the time of reassembly, and 1.63 ± 0.11 μm compared to 2.44 ± 0.13 μm at minute 
10 (n = 52 and 33 respectively, p = 0.37 and < 0.0001 respectively, Welch’s unpaired 
t-test)). 
3.3.5.! The number of free microtubules in ase1∆ mutant does not 
decline after spindle reassembly 
Next, to evaluate the microtubule distribution in ase1∆ cells, the number of free 
microtubules was as described above. The highest average number of free 
microtubules was observed within 1 minute after the onset of nucleation and 
comprised 3 free microtubules (Figure 3.28). Within 4 minutes, 62 % of cells with 
separated SPBs reassembled their spindles, reflected in a decrease of free 
microtubules (Figure 3.28 A, yellow box at minute 4, ntotal = 21). However, after 
reassembly most of the spindles experienced collapse, resulting in an increase of 
free microtubules. During the first two minutes, ase1∆ mutant had less free 
microtubules compared to wild-type (Figure 3.28 B, 1.68 ± 0.17 and 3.36 ± 0.04 (n = 
21), compared to 2.55 ± 0.21 and 4.03 ± 0.24 at minute 0 and 1, p < .005 and .05 
respectively (Welch’s unpaired t-test)). In the following minutes, there was no 
significant difference in the number of free microtubules between ase1∆ and wild-
type. 
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Figure 3.28. Number of free microtubules in ase1 mutant does not decline after spindle 
reassembly. 
A.! Each box plot indicates the number of free microtubules starting at the onset of microtubule 
nucleation (t0), followed by 1-minute interval up to 5 minutes (ase1∆, strain LW050 (Table 1)). 
The box and whisker plots show the range, mean and quartile of the measurements. The 
highlighted yellow box at minute 4 specifies free microtubule distribution shortly after average 
reassembly time.  
B.! Bar chart of number of free microtubules (mean ± SE) starting at the onset of microtubule 
nucleation (t0), followed by 1-minute interval up to 5 minutes for wild type (green) and ase1∆ 
(yellow). Significance notation above ase1∆ bars indicates comparison to the respective wt 
groups. 
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3.3.6.! Pivoting of microtubules is random in ase1 mutant 
This work demonstrated that ase1∆ affects distance between spindle poles, midzone 
stability and time needed for spindle reassembly. To investigate whether the 
microtubule motility changed in absence of ase1, angular displacement was 
calculated and compared to wild-type. The data was binned and fit with weights 
corresponding to the reciprocal value of the standard error of the mean of the 
respective bin. The linear equation used in a previous chapter rendered a coefficient 
D of 6.76 ± 0.31 degrees2/s with goodness of the fit R-square of 0.99, which 
suggested that microtubule pivoting in absence of ase1 was stochastic movement.  
                            
Figure 3.29. Pivoting of microtubules is random in ase1∆ mutant. 
Mean squared angular displacement (MSAD) of the microtubules (mean ± SE) for wild-type 
(green) and ase1∆ (yellow). The data was fitted using linear equation MSAD = 2dDMT∆t + offset 
with weights 1/SE, where DMT is the diffusion coefficient of pivoting microtubules, ∆t is the time 
scale over which the angular movement is observed and d corresponds to dimensionality (1 
dimension for angular diffusion). Microtubules of length 1–2 μm with 20-seconds-long time series 
were used, n = 598 and 286 respectively (Strain KI061 and LW050, Table 1).  
When compared to wild-type, ase1 mutant displayed more diffusion (6.76 ± 0.31 
degrees2/s compared to 4.54 ± 0.35 degrees2/s, p < .01, (t-test with cumulative 
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distribution function (Appendix III))). However, both ase1 mutant and wild-type 
diffusion coefficients are in the same order of magnitude, which suggests that the 
degree of change is unlikely to have major consequence in biological systems. 
3.3.7.! Klp5p contributes to the inward-pulling force on the mitotic 
metaphase spindle 
Klp5p was selected as a candidate due to its ability to regulate microtubule length as 
a plus-end depolymerase. To test whether klp5p affects spindle reassembly, klp5 
deletion mutant (LW065) was subjected to reassembly assay. In absence of klp5, 
metaphase spindles were considerably longer with an average length of 5.23 ± 0.25 
μm (magenta) compared to wild-type spindles with 3.69 ± 0.12 μm (green) (Figure 
3.30 B, n = 34 and 51 respectively, p < .0001, Welch’s unpaired t-test).  
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Figure 3.30. Klp5p contributes to the inward-pulling force on the mitotic spindle. 
A.! Distance between SPBs after cold treatment (CT) as a function of initial distance between 
SPBs before cold treatment was induced. Strains KI061 and LW065 are represented by 
green and magenta respectively (Table 1). The red line indicates f(x) = x, a hypothetical case 
representing no change compared to the initial values. The gray box represents an area 
where SPBs were not separated. 
B.! Bar chart of distances between SPBs (mean ± SE) before (light green, light magenta) and 
after cold treatment (dark green, dark magenta) for separated spindle poles (S) and non-
separated spindle poles (N) in wild-type (green, KI061) and klp5" (magenta, LW065). 
Significance notation above klp5" bars indicates comparison to the respective wt groups. N/A 
stands for not applicable value (no cells with non-separated SPB were found).  
After depolymerization, klp5" mutant exhibited a reduction in the initial 
distance between SPBs in 100 % of cells from 5.23 ± 0.25 (m to 4.02 ± 0.23 (m 
(Figure 3.30 B, n = 51, p < .0001, paired t-test). Additionally, the length-reduction 
factor was 12 % lower in klp5" mutant compared to wild-type (0.67 ± 0.03 compared 
to 0.76 ± 0.02, n = 34 and 51 respectively, p < .01). Remarkably, no cells were found 
with SPB distances shorter than 1 (m (Figure 3.30 A). These results confirmed that 
klp5p contributes to the inward-pulling force on the mitotic metaphase spindle.  
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3.3.8.! Klp5 mutant forms hyperstable microtubules 
Klp5p functions as a plus-end depolymerase, meaning the in the absence of klp5 
microtubules grow longer and are more stable due to altered catastrophe rates. 
Following cold treatment in klp5∆ cells, long microtubules were observed growing 
from both SPBs. Over time they spanned a distance greater than 6 μm and finally 
connected in the midzone (Figure 3.31 A). Once connection was accomplished, 
microtubules were further incorporated into the spindle in order to stabilize the 
structure. This can be observed from the kymograph (Figure 3.31 B) where the left 
bundle in the freshly formed spindle (reassembly is represented by magenta line) 
extends towards the right side over time. Similarly, overlapping microtubules in the 
midzone increase their contact surface during the last 30 frames while the spindle 
maintained the length.  
 Larger contact surfaces are needed to maintain the spindle shape, which in 
this case has a rod-like straight structure. After the initial connection between 
antiparallel microtubules was established, spindles in klp5∆ were slightly bent 
(Figure 3.31 A). However, the structure did not fall apart but continued to elongate 
and straighten over time. Presumably, the increasing overlap zone is responsible for 
holding the structure together.    
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Figure 3.31. Klp5 mutant forms hyperstable microtubules. 
A.! Time-lapse images of klp5∆ during spindle reassembly, strain LW065 (tubulin labeled with 
GFP, Table 1). The magenta line indicates the frame of reassembly. Images were taken 
using spinning disk confocal microscopy (maximum projection is shown). Time is indicated as 
min:sec. Scale bar represents 1 μm. 
B.! Kymograph of the cell from A. showing microtubule growth over time. The magenta line 
indicates the frame of reassembly. Scale bar represents 1 μm.                 
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3.3.9.! Deletion of klp5 lowers efficiency of spindle reassembly 
In the section 3.1.5 it was shown that likelihood for repair significantly drops for cells 
with SPB distances longer than 3 (m with only 6 % of these managed to reassemble 
their spindles (Figure 3.9 A, ntotal = 86). In absence of klp5 50 % of the cells repaired 
their spindles at distances longer than 3 (m (Figure 3.32 A, ntotal = 34). However, 
only 59 % (ntotal = 34) of the cells managed to reassemble the spindles within the 10-
minute reassembly assay, compared to 74 % of reassembled spindles in wild-type.  
                     
Figure 3.32. Klp5" cells reassemble their spindles at longer distances. 
A.! Reassembly time as a function of distance between SPBs at the onset of microtubule 
nucleation (Distance0) for wt and klp5" (green and magenta respectively). Green error 
ellipses correspond to standard deviation of 1 (green) and 2 (light green) for a Gaussian 
distribution with 90 % confidence interval for wt (strain KI061, Table 1). Magenta error 
ellipses correspond to standard deviation of 1 (magenta) and 2 (light magenta) for a 
Gaussian distribution with 90 % confidence interval for klp5" (strain LW065, Table 1). The 
gray box represents an area of all cells that did not manage to repair their spindles within 
monitoring time of 10 minutes (unrepaired spindles are shown as faded dots).  
B.! Bar chart of reassembly time (mean ± SE) for separated spindle poles in wild-type (green, 
KI061) and klp5" strain (magenta, LW065). Significance notation above klp5" bar indicates 
comparison to the respective wt group. 
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Based on the previous chapters, one could assume that the lower rate of repair seen 
here is a consequence of a shift in the average reassembly time due to larger SPB 
distances, i.e. klp5∆ cells simply did not have enough time to reassemble to same 
point as the wild-type. Surprisingly, the average reassembly time in klp5∆ did not 
change compared to wild-type (Figure 3.32 B, 5.48 ± 0.4 minutes (magenta) 
compared to 5.07 ± 0.47 minutes (green), n = 20 and 31 respectively, p = 0.51 
(Welch’s unpaired t-test)). Another assumption would be that the cells that did not 
repair their spindles after cold treatment had longer SPB distances than the cells that 
repaired. However, there was no significant difference in average SPB distances 
between the groups (Figure 3.33, 3.99 ± 0.28 μm (R) and 4.07 ± 0.42 μm (NR), n = 
20 and 14, p = 0. 88 (Welch’s unpaired t-test)).  
                                                                                             
Figure 3.33. Bar chart of average distance between SPBs after cold treatment (mean ± SE). 
The cells that managed to repair their spindles (R) are shown in magenta and the cells that did 
not repair their spindles (NR) shown in dark magenta. Strain with klp5∆ was used (LW065). 
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monopolar spindle polymerization (ntotal = 34). Evident microtubule nucleation was 
visible only from what seemed to be the right spindle pole. The left pole was 
observed as a localized and persistent increase in fluorescence outside of nucleus 
(Figure 3.34). The other possibility could be that the SPBs were extremely close to 
each other and managed to form a parallel bundle comprised of antiparallel 
microtubules i.e. the microtubules that originated from different poles, which could 
also explain absence of the cells with SPB distances shorter than 1 μm. Based on 
the examples of both klp5∆ and ase1∆ mutant, the latter case does not seem 
feasible due to lack of fluorescence that would represent the second spindle pole in 
the presumable monopolar region.  
 
Figure 3.34. Klp5∆ reveals monopolar microtubule polymerization. 
Time-lapse images of klp5∆ cell, strain LW065 (tubulin labeled with GFP, Table 1). Images were 
taken using spinning disk confocal microscopy (maximum projection is shown). Time is indicated 
as min:sec. Scale bar represents 1 μm. 
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3.3.10.! The number of free microtubules in klp5∆ mutant declines after 
spindle reassembly 
The number of free microtubules was measured as described above and the highest 
average number of free microtubules (4) was observed within 1 minute after the 
onset of nucleation (Figure 3.35).  
             
Figure 3.35. Number of free in klp5 mutant microtubules declines after spindle reassembly. 
A.! Each box plot indicates the number of free microtubules starting at the onset of microtubule 
nucleation (t0), followed by 1-minute interval up to 5 minutes (klp5∆, strain LW065 (Table 1)). 
The box and whisker plots show the range, mean and quartile of the measurements. The 
highlighted magenta box at minute 5 specifies free microtubule distribution shortly after 
average reassembly time. 
B.! Bar chart of number of free microtubules (mean ± SE) starting at the onset of microtubule 
nucleation (t0), followed by 1-minute interval up to 5 minutes for wild type (green) and klp5∆ 
(magenta). Significance notation above klp5∆ bars indicates comparison to the respective wt 
groups. 
 Within 5 minutes, most of the spindles were repaired, reflected in decrease of 
free microtubules (Figure 3.35 A, magenta box at minute 5 with average of 2 free 
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number of free microtubules between klp5∆ mutant and wild-type groups was 
observed (Figure 3.35 B, p = 0.68, 0.43, 0.60, 0.94, 0.32 and 0.61 respectively 
(Welch’s unpaired t-test)).   
 
3.3.11.! Pivoting of the microtubules is random in klp5∆ mutant 
To investigate whether microtubule motility is changed by the absence of klp5, 
angular displacement was calculated and compared to wild-type. The data was 
binned and fit with weights corresponding to the reciprocal value of the standard 
error of the mean of the respective bin. The linear equation used in a previous 
chapter rendered a coefficient D of 4.41 ± 0.25 degrees2/s, which is in the same 
order of magnitude as wild-type, 4.54 ± 0.35 degrees2/s (Figure 3.36, p = 0.77 (t-test 
with cumulative distribution function (Appendix III))). Overall, this suggested that 
microtubule pivoting during spindle reassembly did not change in absence of klp5. 
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Figure 3.36. Pivoting of microtubules is random in klp5∆ mutant. 
Mean squared angular displacement (MSAD) of the microtubules (mean ± SE) for wild-type 
(green) and klp5∆ (magenta). The data was fitted using the linear equation MSAD = 2dDMT∆t + 
offset with weights 1/SE, where DMT is the diffusion coefficient of pivoting microtubules, ∆t is the 
time scale over which the angular movement is observed and d corresponds to dimensionality (1 
dimension for angular diffusion). Microtubules of length 1–2 μm with 20-seconds-long time series 
were used, n = 598 and 449 respectively (Strain KI061 and LW065, Table 1).  
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3.3.12.! Cut7p accumulates at the site of initial antiparallel microtubule 
connection 
The third protein candidate, cut7p (Kinesin-5), has already been described as an 
essential player in bipolar spindle formation and maintenance. Cut7p was implied in 
bridging the antiparallel microtubules due to spindle collapse in temperature-
sensitive mutants (Hagan and Yanagida, 1990). However, the exact mechanism of 
cut7p during spindle assembly stayed unclear. To characterize the mechanism of 
cut7p regulation in spindle formation, labeled cut7p-3GFP and cut7 temperature-
sensitive mutant (cut7-ts) were subjected to reassembly assay (LW042 and CF.391 
respectively, Table 1). As a control of unperturbed cell dynamics due to different 
labeling, the LW042 wild-type strain was compared to KI061 and no differences were 
observed in SPB distance after the cold treatment and reassembly time (Appendix 
II). Additionally, 73 % of the cells in LW042 strain (ntotal = 63) repaired their spindles 
within the 10-minute reassembly assay, compared to 74 % in KI061 strain. 
 In the example time series (Figure 3.37), cut7p fluorescence was observed 
along the left microtubule bundle and both poles as soon as microtubules start to 
nucleate. Within a minute, antiparallel microtubules were close enough to establish 
contact, resulting in cut7p accumulation at the connection site. Microtubules stayed 
together and further linked to one another as cut7p fluorescence intensity increased. 
Finally, the obtuse angle between antiparallel bundles straightened and spindle 
reassembly was completed. The cut7p signal diffused along the repaired spindle 
(Figure 3.37 A). 
 Cut7p colocalized with the site of reassembly in more than 90% of the 
observed cells with separated SPBs (ntotal = 24), supporting the previously proposed 
role of cut7p in bridging antiparallel microtubules. Cut7p fluorescence signal was not 
observed in some cases of spindle reassembly, probably due to adjacent spindle 
poles where the cut7p fluorescence intensity obscured the signal of cut7p at the site 
of repair. 
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Figure 3.37. Cut7p accumulates at the site of initial antiparallel microtubule connection.  
A.! Time-lapse images of cut7p localization during spindle reassembly, strain LW042 (SPBs and 
tubulin labeled with mCherry shown in magenta, cut7p (Kinesin-5) labeled with GFP in green, 
Table 1). The blue line indicates the frame of reassembly. Time is indicated as min:sec. Scale 
bar represents 1 μm. 
B.! Kymograph of the cell from A. showing cut7p localization during spindle reassembly. The 
blue line indicates the frame of reassembly. Scale bar represents 1 μm.                 
                   sid4p-mCh 
       Merged             atb2p-mCh           cut7p-GFP 
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 Additionally, it appeared that cut7p moved towards the plus end before 
spindle reassembly, followed by unconventional minus-end-directed movement after 
spindle reassembly (Figure 3.37 B). However, this was observed only in two cases. 
Bidirectional movement of cut7 protein was previously shown in vitro (Edamatsu, 
2014).  
3.3.13.! Cut7p dwells at spindle poles 
In all cells that managed to reassemble their spindles (Appendix II), cut7p was found 
around one or both SPBs (Figure 3.38). The fluorescence signal was visible at the 
poles as soon as microtubules started to nucleate. Within 25 seconds, antiparallel 
microtubules were in close enough proximity to initiate reassembly (Figure 3.38 A). 
After the spindle repaired (white arrow on kymograph), cut7p fluorescence in the 
midzone diffused along the spindle. During the 10-minute time-lapse, cut7p was 
constantly present at the poles. After 5 minutes, a portion of cut7p started to move 
from both poles towards the midzone most likely to reinforce the spindle due to its 
entry into anaphase (Figure 3.38 B). Cut7p was shown to form foci along the spindle 
during elongation in anaphase (Hagan and Yanagida, 1990). 
 The possible explanation for cut7p localization to spindle poles was high 
concentration of short microtubules around SPBs. However, as shown in Figure 3.37 
A, cut7p was not present at the left pole, which would imply that there was a low 
concentration of short microtubules at the left pole or cut7p required another 
prerequisite.  
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Figure 3.38. Cut7p dwells at spindle poles. 
A.! Time-lapse images of cut7p localization during spindle reassembly, strain LW042 (SPBs and 
tubulin labeled with mCherry shown in magenta, cut7p (Kinesin-5) labeled with GFP in green, 
Table 1). The blue line indicates the frame of reassembly. Time is indicated as min:sec. Scale 
bar represents 1 μm. 
B.! Kymograph of the cell from A. showing cut7p localization during spindle reassembly. The 
white arrow indicates accumulation of cut7p prior spindle reassembly in GFP channel.            
            sid4p-mCh 
Merged      atb2p-mCh   cut7p-GFP 
                      sid4p-mCh 
        Merged               atb2p-mCh            cut7p-GFP 
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3.3.14.! Cut7p is essential in formation of functional spindles 
In order to test whether cut7p is indeed needed for spindle assembly, temperature 
sensitive strain cut7-ts was subjected to the reassembly assay. After cold treatment, 
the temperature was immediately set to 37.5 °C, which within 3 minutes of 
microtubule nucleation was shown to abrogate the activity of cut7p (Syrovatkina et 
al., 2013; Velve-Casquillas et al., 2011). During the reassembly assay, the cells were 
given 4 minutes to achieve successful inactivation of cut7p. None of the cells with 
SPB distances longer than 1 μm managed to repair their spindles, once the activity 
of cut7 was abrogated (n = 12) (Figure 3.39). 
                    
Figure 3.39. Cut7p is essential for spindle formation. 
Time-lapse images of cut7-ts mutant during spindle reassembly, strain CF.391 (tubulin labeled 
with mCherry, Table 1). Cut7p was considered inactivated within 3 minutes at 37.5 °C (noted in 
red). Images were taken using spinning disk confocal microscopy (maximum projection is shown). 
Time is indicated as min:sec. Scale bar represents 2 μm. 
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Instead, the microtubules that came into contact were locked in aberrant connection 
(Figure 3.40). Once cut7p is deactivated, the stable microtubule bundles did not 
undergo catastrophe. Growing microtubules had slightly curved structure compared 
to other strains. 
                
Figure 3.40. Cut7-ts mutant introduces aberrant connection between antiparallel 
microtubules. 
Time-lapse images of cut7-ts mutant during spindle reassembly, strain CF.391 (tubulin labeled 
with mCherry, Table 1). Cut7p was considered inactivated within 3 minutes at 37.5 °C (noted in 
red). Images were taken using spinning disk confocal microscopy (maximum projection is shown). 
Time is indicated as min:sec. Scale bar represents 2 μm. 
  By contrast, the cells with SPB distances shorter than 1 μm repaired 
their spindles (n = 7). However, all of the cells did so within the initial 3 minutes of 
reassembly assay while some of cut7p was still active. Interestingly, all of the cells 
exhibited elongation defects and multiple collapses.  
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3.3.15.! Pivoting of the microtubules is random in cut7-ts mutant 
To investigate whether the microtubule motility is changed by the absence of cut7p, 
angular displacement was calculated and compared to wild-type. The data was 
binned and fit with weights corresponding to the reciprocal value of the standard 
error of the mean of the respective bin. The linear equation used in a previous 
chapter rendered a coefficient D of 3.39 ± 0.49 degrees2/s, which is in the same 
order of magnitude as wild-type, 4.54 ± 0.35 degrees2/s (Figure 3.41, p = 0.11 (t-test 
with cumulative distribution function (Appendix III))). Overall, this suggested that 
microtubule pivoting during spindle reassembly did not change in absence of cut7-ts. 
                               
Figure 3.41. Pivoting of the microtubules is random in cut7-ts mutant. 
Mean squared angular displacement (MSAD) of the microtubules (mean ± SE) for wild-type 
(green) and cut7-ts (red). The data was fitted using linear equation MSAD = 2dDMT∆t + offset with 
weights 1/SE, where DMT is the diffusion coefficient of pivoting microtubules, ∆t is the time scale 
over which the angular movement is observed and d corresponds to dimensionality (1 dimension 
for angular diffusion). Microtubules of length 1–2 μm with 20-seconds-long time series were used, 
n = 598 and 70 respectively (Strain KI061 and CF.391, Table 1). 
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4.! Discussion  
At the onset of mitosis, the eukaryotic cell forms a bipolar spindle composed of 
microtubules and associated proteins, which segregates the genetic material 
between the two daughter cells (Cheeseman and Desai, 2008; Pavin and Tolić, 
2016). Spindles vary in their assembly pathway, morphology and size depending on 
the cell type and organism, but with common underlying mechanisms based on the 
dynamics of the microtubules (Crowder et al., 2015; Walczak and Heald, 2008). The 
main building blocks of the spindle are microtubule fibers, polymers of the 
cytoskeletal protein tubulin, that organize themselves into an antiparallel array by 
exploring the space between the spindle poles and crosslinking with each other and 
chromosomes. Microtubule dynamics are regulated through interactions with various 
molecular motors and MAPs, which together enable formation of the functional 
mitotic spindle. Even though microtubule dynamics have been extensively studied 
and most of the MAPs participating in spindle assembly have been well 
characterized, the exact mechanism behind antiparallel microtubule interactions in 
context of spindle assembly is still unknown. Computational modeling emerged as 
an important discipline, predicting the microtubule orientation and linking in both 
parallel and antiparallel configurations by heterocomplexes of motor proteins. The 
simulations of microtubule interactions have shed some light on how the change in 
catastrophe and rescue frequency together with a spatial gradient of putative 
morphogen concentration, influences the stability of central microtubule crosslinking 
in silico (Channels et al., 2008; Nédélec, 2002). Many of those predictions are also 
applicable to the spindle assembly in living organisms, however they remain only as 
speculations. 
 Fission yeast is an excellent model whose simplicity as a unicellular 
organism, with a low number of microtubules within a highly ordered mitotic spindle, 
makes it a valuable tool for the analysis of microtubule dynamics during spindle 
assembly (Bähler and Wood, 2006; Ding et al., 1993; Yanagida, 2002). The spindle 
formation in fission yeast starts in late G2 phase after replication of SPBs, which 
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seed intranuclear microtubules, while the cytoplasmic microtubule remnants undergo 
catastrophe. At this point in spindle assembly, the two SPBs are in too close 
proximity to discriminate newly formed microtubules and their dynamics by 
conventional experimental approaches. In order to observe the microtubule 
movement that precedes spindle assembly, an experimental setup was needed that 
would allow visible separation of spindle poles at the onset of microtubule 
nucleation. 
 The separation of spindle poles without microtubule filaments during early 
mitosis cannot occur naturally, it needs to be induced by depolymerization of spindle 
microtubules in cells with already assembled spindles. In general, microtubules can 
be depolymerized by microtubule-destabilizing drugs, increase in hydrostatic 
pressure, decrease in environmental temperature below 4 °C and by producing 
mutants with reversible temperature-sensitive mutations in tubulin (Breton and 
Brown, 1998; Hiraoka et al., 1984; Salmon, 1975; Sawin and Nurse, 1998). Here, 
cold temperature treatment was used, being the simplest and least invasive 
treatment for cells, and causing minimal artifacts. Since this method involves only a 
physical change of the system, it does not carry the risk of changing microtubule 
dynamics permanently. 
 In this work, an in vivo reassembly assay was used to reveal the mechanism 
behind spindle assembly and underlying microtubule dynamics. This assay involved 
precise and fast environmental temperature control of a fission yeast cell culture 
during mitosis, combined with time-lapse live cell imaging, which was achieved by a 
custom-designed thermoelectric device.   
 In order to introduce separation between spindle poles, fission yeast mitotic 
cells were grown to metaphase lengths and subsequently subjected to cold 
treatment at 1 °C to depolymerize spindle microtubules. After 15 minutes, the cold 
treatment was relieved by increasing the temperature to 24 °C to allow microtubule 
repolymerization. In order to visualize SPBs, microtubules and to differentiate the 
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mitotic stage, cells with GFP-tagged microtubules and SPBs, and kinetochores 
labeled with tdTomato were used. 
 After cold treatment, only 61% of the wild-type cells showed separation 
between SPBs greater than 1 μm, which was considered as the minimal distance 
required for proper quantification of newly formed microtubules. All SPB distances 
smaller than 1 μm did not allow for differentiation between newly formed 
microtubules. Interestingly, when SPB distances were compared for the same cells 
before and after the cold treatment, a reduction was observed in most cells. This 
could be due to pulling forces exerted by microtubules during cold treatment. Taken 
into consideration that the fission yeast spindle is composed out of approximately 30 
microtubules, if all of them started to depolymerize, an imbalance in pushing forces 
would occur, thus sliding the whole structure together. This raises a question: how 
do poles stay separated? 
 If there is a subset of interpolar microtubules that are long enough, compared 
to the kinetochore microtubules employed to position the chromosomes on the 
metaphase plate, the antiparallel connection in the midzone would be ‘soft’ enough 
that once the microtubules start to depolymerize, this connection would 
depolymerize first introducing physical collapse of the midzone. If the environmental 
circumstances are not favorable, in this case low temperature is still depolymerizing 
microtubules, the two “half-spindles” would continue to lose their microtubules until 
only two separated SPBs are left. This work confirmed that longer spindles (3.69 ± 
0.12 μm compared to 3.17 ± 0.12 μm) were less prone to a dramatic reduction in 
distance between SPBs. However, a direct measurement of the forces exerted on 
the spindle during spindle disassembly would be needed in order to verify these 
speculations. 
 Cold treatment also affected the positioning of the chromosomes, reflected in 
a loss of kinetochores inside the nucleoplasm. This feature is not uncommon since 
during depolymerization the kinetochores lose contact with the respective 
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microtubules and if they were not pulled towards the poles, they will be displaced 
somewhere inside the nucleus (Gachet et al., 2008; Kalinina et al., 2013). 
 For cells with separated SPBs, microtubule dynamics were observed at a 
permissive temperature for microtubule polymerization. To characterize spindle 
reassembly, the cells were monitored for 10 minutes to ensure they had enough time 
to form the spindle. According to published results, at 26 °C this time frame is 
sufficient for the cell to form a spindle and proceed in the cell cycle (Nabeshima et 
al., 1998). During spindle reassembly, growing microtubules laterally explored the 
nucleoplasm, attained contact and interdigitated to re-form the spindle. The 
microtubules anchored with their minus ends to the SPBs were able to change the 
position of their dynamic plus ends by performing an angular movement termed 
microtubule pivoting. In 2013, the Tolić group described microtubule pivoting in the 
context of time-relevant kinetochore capture. The experimental model together with 
theory predicts that the speed of capture depends largely on how fast microtubules 
pivot (Kalinina et al., 2013). Consistent with the previous publication, this work 
showed that microtubule pivoting during spindle reassembly is a stochastic process. 
 Two types of reassembly were differentiated in this study: one where 
microtubules were of similar lengths and mostly established the initial crosslinking in 
the spindle midzone, and another where microtubules were of different lengths and 
usually the short stub would capture the longer fibers. Such behavior could be 
explained through differential dynamics of rod-like particles of different lengths, 
where longer particles move slower in viscous media, compared to shorter particles 
(Pecora, 1985). Indeed, this work demonstrated that longer microtubules exhibit less 
diffusion compared to shorter microtubules. Usually, 4 microtubule bundles were 
observed per spindle during reassembly, and this number decreased to about 2 
once the spindle was reassembled. Spindles were considered assembled when the 
obtuse angle between the two crosslinking microtubule bundles straightened to 
adopt the typical configuration of the fission yeast spindle, resembling a straight rod. 
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 The time needed for spindle reassembly was shown to be dependent on the 
distance between the two spindle poles. In total 74 % of cells repaired their spindles 
within the given time. Cells whose distance between SPBs after cold treatment 
exceeded 3 μm were less likely to reassemble their spindle. In fact only 6 % of wild-
type cells repaired their spindles at distances longer than 3 μm. One possible 
explanation could be that the cells that did not manage to repair their spindles were 
not able to bridge this distance with shorter microtubules or that longer microtubules 
moved too slow in order to attain a stable antiparallel overlap.   
 To verify if microtubules can efficiently bridge longer distances during spindle 
reassembly, a klp5∆ was used. This strain was shown to have elongated spindles 
and hyperstable microtubules (West et al., 2002). Interestingly, 50 % of cells 
repaired their spindles at distances longer than 3 μm in the klp5∆ mutant. Since both 
wild-type and klp5∆ showed the same stochastic diffusion pattern, it is most probable 
that the microtubules did not come into a close enough proximity to initiate 
antiparallel overlap, due to the larger space they needed to cover.  
 How is it then possible for the klp5∆ mutant to have a more successful repair 
rate beyond 3 μm? The answer lies in hyperstable microtubules. In wild type, due to 
the length-dependent depolymerizing activity of klp5p, the microtubules undergo 
catastrophe once they are long enough, which lowers their chances to interact with 
their antiparallel partner growing from the opposite SPB (Walczak, 2006; West et al., 
2001). However, in klp5∆ the microtubules experience a low catastrophe frequency, 
which improves their chances to achieve antiparallel microtubule connections.  
 So why do cells not use this mechanism in general spindle assembly? Since 
hyperstable microtubules also produce elongated spindles, this may lead to aberrant 
segregation of genetic material resulting in aneuploidy, one of the hallmarks of 
cancer (Unsworth et al., 2008). Thus, the cell regulates the size of the spindle 
through the activity of klp5p that contributes to the inward pulling force. Additional 
irregularities were shown in these mutants in cells that did not repair their spindle. 
Based on the approximation of microtubule fluorescence, due to lack of SPB label in 
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klp5∆, 24 % of cells displayed what appears to be monopolar spindle polymerization. 
If this is truly the case, microtubules would only be allowed to nucleate from one 
pole, while the other pole would be limited due spatial hindrance or lack of certain 
factors. Most cells displayed a strong microtubule signal coming from one pole, while 
the other pole exhibited a faint microtubule signal that seemed to be divorced from 
the rest of the nucleus. Since in fission yeast cells klp5∆ causes protrusions in the 
nuclear envelope, it is possible that during microtubule depolymerization a 
microtubule bundle could get stuck inside the nuclear envelope and once the 
microtubules are completely depolymerized, the SPB would be swallowed by nuclear 
membrane and detach from the rest of the nucleus. The other possibility could be 
that after spindle disassembly, the spindle poles were exceptionally close to each 
other and when microtubule polymerization was induced they formed a parallel, 
lateral connection comprised of antiparallel microtubules that originated from two 
different poles. Nonetheless, the results in this work are not in accordance with the 
latter assumption, since none of the cells showed SPB distances shorter than 1 μm 
after cold treatment, suggesting that the klp5∆ mutant does not exert enough pulling 
force to generate such a dramatic reduction of SPB distances. Without labeled 
poles, however, these are only speculations. 
 The opposite effect is achieved by removing ase1p, a passive bundler of 
antiparallel microtubules (Fu et al., 2009; Janson et al., 2007). In the absence of 
ase1p, greater initial reduction in spindle length after cold treatment was observed 
compared to wild-type. Interestingly, despite the shorter SPB distances after cold 
treatment, ase1∆ mutant required the same amount of time as the wild-type cells to 
repair their spindles. This effectively translates to ase1∆ mutants needing more time 
to reassemble their spindles. Moreover, diffusion of microtubules in ase1∆ mutants is 
within the same order of magnitude as diffusion in wild-type.  
 How is it possible that cells with the same microtubule dynamics require 
additional time for spindle assembly? Due to an inability to achieve a stable midzone 
crosslinking, ase1∆ mutants take more time to establish a proper connection. This 
means that even when they come into contact, lack of ase1p will not allow the 
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immediate reinforcement of antiparallel bundles, but instead other proteins must be 
employed to drive antiparallel alignments, impeding spindle formation. Moreover, the 
number of microtubules in ase1∆ does not decline after spindle reassembly. Even 
when the spindles reassemble, they undergo multiple collapses or uncontrolled 
sliding of microtubules, reflected in a sudden shrinkage of the metaphase spindles. 
Normally, metaphase spindles maintain their length in order to properly position 
chromosomes, while the cell machinery ensures that everything is ready for 
segregation of genetic material (Goshima et al., 1999; Syrovatkina et al., 2013). 
Reported ase1∆ mutants exhibited a premature collapse and breaking of the spindle 
during anaphase B (Loïodice et al., 2005). This work shows that deletion of ase1 did 
not prevent spindle reassembly, however it introduced a delay in spindle repair due 
to unstable connection between antiparallel microtubules. 
 Essential contributor to spindle assembly is cut7p, a homologue of kinesin-5 
in fission yeast, whose abrogation in temperature-sensitive mutants causes spindle 
collapse and halts mitosis. Almost 30 years ago Hagan and Yanagida proposed this 
protein as a possible crosslinker of antiparallel microtubules during spindle 
formation, where the sliding of antiparallel microtubules via cut7p changes their 
position and drives spindle assembly (Hagan and Yanagida, 1990; 1992). In this 
study, cut7p colocalized to the site of reassembly in more than 90 % of the observed 
cells. Following the formation of microtubules, cut7p localized along the length of 
microtubules. As the microtubules grow the signal was seen to intensify along the 
lattice and at either one or both SPBs. Once the microtubules achieved initial 
contact, the cut7p signal started to accumulate at the site of microtubule interaction. 
The overlap in cut7p signal and crosslinking microtubules persisted until the obtuse 
angle between antiparallel microtubules adopted a straight conformation. Once the 
spindle reassembled, the cut7p signal diffused along the spindle. Another interesting 
observation was the presence of cut7p signal at the poles throughout the 10-minute 
reassembly assay, which started to redistribute along the spindle after reassembly. A 
possible explanation for cut7p localization to spindle poles can be that this region 
exhibits a higher concentration of short microtubules that nucleate from the SPBs. 
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Interestingly, there appeared to be a bias in the presence of cut7p, with only one 
pole showing localization of cut7p. Furthermore, in some cases cut7p appeared to 
move towards minus end. Nonetheless, cut7p was mostly described as plus-end-
directed kinesin with only one publication that reported cut7p bidirectionality in vitro 
(Edamatsu, 2014). The most likely explanation would be that cut7p accumulated at 
plus ends of microtubules, which at some point experienced catastrophe. This could 
have been observed as cut7p walking towards minus end, while in fact cut7p 
changed its position due to microtubule depolymerization.  
 To confirm that cut7p was indeed required for microtubules to establish a 
functional bipolar array, a temperature-sensitive cut7 strain was subjected to the 
reassembly assay. None of the cells managed to re-form a functional spindle. The 
abrogation of cut7p seemed to influence microtubule dynamics by stabilizing the 
microtubule lattice and supporting formation of long stable microtubules. When the 
diffusion coefficient of microtubules was compared between the wild-type and 
temperature-sensitive strains, there was no observed difference. These results are 
not in accordance with in vitro experiments, which showed the exact opposite effect 
by addition of kinesin-5 to the dynamic microtubules (Chen and Hancock, 2015). By 
contrast, the experiments on cultured neurons with depleted kinesin-5 demonstrated 
dramatic axonal growth and branching, where kinesin-5 serves as ‘crowed control’ 
(Myers and Baas, 2007). Since in this study only a small sample size for cut7 
temperature-sensitive mutant was available, more experimental data is required in 
order to draw more elaborate deductions about the mechanism of cut7p in spindle 
assembly.  
In conclusion, antiparallel bundles coming into close proximity with one 
another have the opportunity to connect in a MAP dependent manner. In the 
absence of required linker proteins microtubules are not able to form and maintain 
the spindle (Bieling et al., 2010; Gandhi et al., 2004; Kashina et al., 1997). Since 
spindle formation is a prerequisite for proper segregation of genetic material, multiple 
proteins are needed to ensure a stable and correct connection between the 
microtubules in the spindle. Deletion of ase1 and klp5 did not prevent spindle 
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reassembly, however it introduced aberrations in the spindle structure. Cut7 was the 
only protein whose abrogation prevented complete spindle formation. In most cells, 
cut7p was shown to colocalize with crosslinking microtubules which, together with 
the data from the temperature-sensitive cut7 strain, suggests that cut7p is crucial for 
spindle assembly. None of the mutant strains seemed to have affected microtubule 
pivoting, confirming that microtubule pivoting is a random movement unrelated to 
MAPs. 
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5.! Materials and methods  
5.1.! Fission yeast  
5.1.1.! Strains used in the experiments 
Strains (Table 1) were obtained by crossing the parental strain with strains 
containing desirable markers and deletions. The parental strains used in this study 
were:  #3208, SI661', PT .2973, KI061 and KI062. Note that KI062 and the daughter 
strain LW065 have almost the same genotype. To avoid meiotic incidences of 
homothallic strain KI062, a heterothallic strain LW065 was created for fluorescence 
microscopy purposes. 
 To cross the strains, 100 μl of Edinburgh minimal medium (EMM) without 
nitrogen was inoculated with equivalent amounts of Strain 1 (Table 4). If the strains 
contained an nmt1+ promoter (constitutive high expression), EMM supplemented 
with 2 μM thiamine was used. Two versions of nmt1+ promoter were used in this 
study: the full-strength promoter, and one attenuated version that has reduced 
activity both in repressed and induced conditions (nmt41+). Full induction was 
achieved with no thiamine, full repression was achieved with 15 μM thiamine (5 
μg/ml) and partial induction with 0.05 μM thiamine (0.016 μg/ml) (Javerzat et al., 
1996). In this work, microtubules grown in 2 μM thiamine solutions showed the most 
physiological morphology with strong GFP signal.  
 The strains were thoroughly mixed and distributed on agar sporulation malt 
extract plates (MEA) (Table 3) and incubated at 25 °C for 3-4 days. Starting from the 
3rd day, the plates were microscopically monitored for formation of asci. In case of 
cdc25-22 mutation, sometimes 4 days were needed to observe well-formed asci. 
After visual conformation of tetrad formation, random spore analysis (RSA) was 
performed for the isolation and preparation of spores from a diploid strain. 
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5.1.2.! Random spore analysis 
The protocol was modified from (Forsburg and Rhind, 2006): 
1.! The spores/asci were harvested and resuspended in 5 ml of sterile water with 
10 μl of 5 % β-Glucuronidase from Helix pomatia (Sigma-Aldrich) in 13 ml 
culture tube and incubated overnight at 25 °C (250 rpm). 
2.! 10-16 hours later the suspension was checked for successful digestion of 
asci and vegetative cells. The suspension was transferred in 50 ml Falcon 
tubes and centrifuged for 1 min at 4000 rpm.  
3.! The pellet was resuspended in sterile water, transferred in 2 ml tube and 
washed 2 times with 2 ml of sterile water. 
4.! The pellet was resuspended in 2.5-3 ml YES (Table 2) in 13 ml culture tube. 
The suspension was subsequently incubated at 25 °C (250 rpm) for 3-5 hours 
to induce cell growth. 
5.! 13 ml culture tubes from the previous step were filled up with sterile water. 10 
μl of diluted cell suspension was distributed on plates with rich media, 
supplemented with 2 μM thiamine in case the cells contained nmt1+ promoter 
(Table 2). 
6.! The plates were replicated to selective media 24-48 hours later. Selection 
was done using autotrophy for certain aminoacids or antibiotic resistance 
markers G418, clonNAT or/and hygromycin B (Sigma-Aldrich). 
The growing colonies were analyzed by colony PCR and by live fluorescence 
imaging. The confirmed positive strains were tested for mating type and stored at      
-80 °C in the Tolic GMO Library. 
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5.2.! Preconditioning of cells and sample preparation 
In this study, both genetic and chemical approach was used to generate larger 
spindles.  
 In the genetic approach, fission yeast strains with a cdc25-22 temperature-
sensitive cell cycle mutation were generated (§ 5.1.1). The cell division cycle 25 
(CDC25) family of proteins are highly conserved dual specificity phosphatases that 
activate cyclin-dependent kinase (CDK) complexes, which in turn regulate 
progression through the cell division cycle (Boutros et al., 2007). In fission yeast, 
temperature-sensitive mutation in cdc25-22 allows manipulation with the cell cycle. 
Under restrictive temperature (36-37 °C), the cells are arrested in G2 phase of the 
cycle (Russell and Nurse, 1986). Keeping the cells for 3-4 hours at 36-37 °C leads to 
accumulation of cells in G2, which synchronize and elongates the cells. However, 
even without restrictive temperature, cdc25-22-ts strains are larger compared to 
unaltered wild type strains.  
 The chemical approach was based on hydroxyurea (HU) that causes 
depletion of deoxyribonucleotides (dNTPs), which results in stalled replication fork 
and accumulation of proteins within the cell (Koç et al., 2004). The nucleotide 
starvation leads to elongation and synchronization of cells in S phase. Usual 
recommended concentrations of HU are 5-10 mM for plates and 12-15 mM in liquid 
media for reversible cell arrest. However for elongation purposes, the maximum 
recommended dose is 3 mM HU, since higher dose interfere with microtubule 
stability (Graml et al., 2014).  
5.2.1.! Dish customization 
Culture dish (MatTek Corporation, 35 mm) wall was cut to 2 mm height. Original 
cover slip was removed from the dish bottom and the remaining culture dish was 
soaked in 70 % ethanol over night to remove the remaining traces of glue and other 
hydrophobic substances. Cover slips (Sigma-Aldrich, Corning™, 22 mm × 22 mm) 
were washed in 2-propanol and attached to the pre-washed culture dish with 
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transparent nail polish and left to dry for at least 3 hours.  
5.2.2.! Preparation of cdc25-22 samples 
The cells were grown on YES medium agar plates (Table 2) with 2 μM thiamine in 
incubator (Heraeus B6) at 25 °C overnight. A loopfull of grown cells was further 
cultured in liquid YES (Table 2) with 2 μM thiamine in shaking incubator (ISF-1-W, 
Kuhner Shaker) at 25 °C for 2-3 hours to induce mitosis. A customized dish (§ 5.2.1) 
was coated with lectin (Sigma-Aldrich) 30 minutes prior to usage to ensure strong 
attachment of cells. 200 μl of liquid culture was placed on the pretreated culture dish 
for 25 minutes for sedimentation. The cells were washed twice with 200 μl of YES 
with 2 μM thiamine, followed by final 200 μl of YES with 2 μM thiamine. Dishes were 
closed with a cover slip (Corning™) to keep the cells from drying out.  
5.2.3.! Preparation of samples with 3mM HU 
The cells were grown on YES medium agar plates (Table 2) in incubator (Heraeus 
B6) at 25 °C overnight. A loopfull of grown cells was further cultured in liquid YES 
(Table 2) with 3 mM HU in shaking incubator (ISF-1-W, Kuhner Shaker) at 25 °C for 
11-14 hours in order to achieve optimal elongation of the cells. A customized dish (§ 
5.2.1) was coated with lectin (Sigma-Aldrich) 30 minutes prior to usage to ensure 
strong attachment of cells. The liquid culture was diluted with YES media (Table 2), 
in a ratio 1:3. 200 μl of suspension was placed on pretreated culture dish for 25 
minutes for sedimentation. The cells were washed 2 times with 200 μl of YES, 
followed by final 200 μl of YES. Dishes were closed with a cover slip (Corning™) to 
keep the cells from drying out.  
5.3.! Microscopy and reassembly assay 
5.3.1.! Time-lapse live cell imaging  
Live-cell imaging was preformed using an Andor Revolution Spinning Disk System 
(Andor Technology), consisting of a Yokogawa CSU-X1 (10.000rpm) spinning-disc 
scan head (Yokogawa Electric Corporation) with a 405/488/561 nm Yokogawa 
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dichroic beam splitter (Semrock). The scan head was connected to an Olympus IX71 
microscope (Olympus) with an inverted stand, equipped with a fast piezo objective z 
-positioner (PIFOC, Physik Instrumente GmbH & K.G.), Prior ProScanIII xy scanning 
stag and an Olympus UPlanSApo × 100/1.4 NA oil objective (Olympus). For 
excitation, a Sapphire 488 nm solid-state laser (75 mW, Coherent) and a Jive 561 
nm solid-state (75mW, Cobolt) were used respectively. Laser intensity was 
controlled using the acousto-optic tunable filter (AOTF) inside the Andor Revolution 
laser combiner (ALC, Andor Technology). For sequential imaging, emission 
wavelength was selected using respective emission filters BL 525/30 (Semrock) for 
GFP or ET 605/70 (Chroma) for tdTomato mounted in a fast, motorized filter wheel 
(Lambda-10B, Sutter Instrument Company). Andor iXon EM+ DU-897 BV back 
illuminated EMCCD with dexel size of EMCCD chip 16 μm (Andor Technology), 
cooled to −80 °C, electron multiplication gain 300 was used for acquisition. The x-y-
pixel size in the images was 168 nm. Andor iQ software version 2.9 (Andor 
Technology) was used to control the system. 
 For short-term acquisition (10-20 seconds), sequential three-dimensional (3D) 
time-lapse imaging (2 second time interval between each image pair) of 13 optical 
sections with 0.5-μm spacing was performed using a DualView image-splitter 
(Optical Insights, Photometrics).  
 For main acquisition (10-minutes), three-dimensional (3D) time-lapse stacks 
comprised of 13 optical sections with 0.5-μm spacing were taken every 2 seconds 
with exposure times 0.06 and 0.08 seconds.  
 In the case of main acquisition (10-minutes) of strain LW042 (Table 1), 
sequential three-dimensional (3D) time-lapse imaging (2 second time interval 
between each image pair) of 13 optical sections with 0.5-μm spacing was performed 
at a frame rate of 0.2 Hz, with exposure times 0.08 and 0.1 seconds for GFP and 
mCherry respectively.  
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5.3.2.! Reassembly assay 
Reassembly assay was performed during time-lapse live cell imaging (§ 5.3.1) 
(Figure 5.1). In order to control temperature inside the sample, a custom-designed 
thermoelectric device was made (Appendix I). Prepared samples (§ 5.2.2, § 5.2.3) 
were loaded onto the microscopy stand and a pre-cooled thermoregulation at 15 °C. 
This temperature does not depolymerize microtubules but renders them less 
dynamic, which in turn affects the duration of mitosis and gives additional time to 
search for a good field of view. 
              
Figure 5.1. Experimental protocol for spindle reassembly. 
The field of view with mitotic cells was selected at 15 °C. The temperature was subsequently set 
to 0 °C (1 °C inside the sample) and maintained for 15 minutes to depolymerize microtubules in 
mitotic spindle. In order to induce repolymerization, the temperature was increased within 30 
seconds to 24 °C and maintained throughout the acquisition. Spindle poles (SPB) are 
represented as large green circles and microtubules (MTs) as green rods extending from the 
poles. Note that at 0 °C (1 °C inside the sample) all microtubules are depolymerized. 
 Once the coverage is complete, transmitted light microscopy is not possible. 
Beyond this point, only EMCCD and spinning disk confocal laser microscopy were 
used to place the sample into focus with a focus knob. The field of view was chosen 
based on the highest number of cells in metaphase, but with at least one cell in 
interphase as a fluorescence reference to mitotic cells. The signal ratio 
(metaphase:interphase) was later used to estimate the number of microtubules in 
the bundles during spindle reassembly.  
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  Following short-term acquisition, the temperature of the system was set to 0 
°C and maintained for 15 minutes. To ensure constant temperature, the objective 
was lowered to at least 2 cm away from the sample dish. After 15 minutes at 0 °C (1 
°C inside the sample), the objective was returned in the initial position and the same 
field of view was placed into focus. Upon finding the field of view, the main 
acquisition was initiated (§ 5.3.1). Within 20 seconds of acquisition, the temperature 
was set to 24 °C on the display of the thermoelectric device. Additional 30 seconds 
were required to change the temperature from 1 °C to 24 °C inside the sample. Due 
to the change in temperature, the sample was manually refocused during the 
acquisition. Once the temperature in the sample was stabilized at 24 °C, the focus 
remained constant. The live cell imaging was continued for additional 10 minutes. 
 In the case of the cut7-ts strain, the temperature was set to 37.5 °C instead of 
24 °C to ensure abrogation of cut7p activity. 
5.4.! Image processing and data analysis 
5.4.1.! Image processing and manual tracking  
Maximum-intensity projections of the z-stacks acquired using Andor Revolution 
Spinning Disc system (Andor Technology) were calculated in ImageJ by using 
Grouped Z Project function under Stacks selection. The color-merged images were 
obtained by overlapping the projection of green (GFP) and magenta (mCherry) 
channels using Merge Channels function under Color selection. The position of 
dynamic microtubule tips and spindle poles was manually tracked by using Manual 
Tracking plugin under Tracking selection. When the spindle pole bodies were not 
labeled, the position of spindle poles was estimated based on microtubule minus end 
fluorescence signal. The tracking was performed on microtubules longer than 0.5 μm 
that appeared before spindle reassembly with traces longer than 1 minute. Data 
analysis was performed using Excel (Microsoft Corporation) and custom scripts 
written in MATLAB (MathWorks®). 
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5.4.2.! Automatic localization of spindle pole bodies  
In order to determine the position of spindle poles, specialized software developed 
by Alexander Krull, a previous member of Dr. Iva Tolić’s group was used. The 
intensity of the circular bright objects in maximum-intensity projections is detected as 
a mixture of Gaussian and uniform distribution. The Gaussian distribution represents 
the photons emitted by the spindle pole bodies and the uniform distribution 
represents the background noise signal. The algorithm is iterative. Once the user 
provides the initialization for the first frame, the software is capable of autonomous 
tracking. The parameters such as size (radius) of the circular particle and level of 
background noise can be additionally changed (Krull et al., 2014). 
5.4.3.! Calculations 
The mitotic microtubule length was calculated as the distance between the SPB and 
the plus end of the microtubule. The microtubules were treated as vectors with 
defined magnitude and direction in the standard Cartesian coordinate system in the 
plane. The angle between the microtubule (vector 1) and the distance line between 
two SPBs (vector 2) was calculated using arcsin and arccos trigonometric functions. 
The microtubules were able to perform a 360° rotation in both direction, covering 
both positive and negative values. The system was given a limit that the difference 
between the values of consecutive angles cannot exceed 90° (based on 
experimental observation). The calculated angles were further used to determine 
MSAD and diffusion coefficient of pivoting microtubules by using linear equation 
MSAD = 2dDMT∆t + offset with weights 1/SE (Figure 3.20). 
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Appendices 
Appendix I.! Custom-made thermoelectric device 
Thermoelectric device blueprint was based on the working principle of thermal 
cycler, which is an instrument that employs precise temperature control and rapid 
temperature changes in order to amplify DNA and RNA samples by the polymerase 
chain reaction. The modern thermal cycler uses Peltier element and inner blocks 
made of materials with high thermal conductivity to control the temperature. Heating 
blocks made of silver and nickel coated aluminum are commonly used, since they 
measure very high thermal conductivity. Peltier element uses Peltier effect, named 
after French physicist Jean Charles Athanase Peltier, to produce heating or cooling 
effect at an electrified junction of two different conductors. Once electric current is 
applied through a junction between two conductors, the heat can be transferred from 
one side to the other, which results in one side being warmer than the other. Peltier 
element is usually employed for cooling purposes.  
 Peltier element and aluminum alloy were used to construct the 
thermoregulation unit of the  custom-made thermoelectric device for an upright 
microscope stand. Peltier element was placed between aluminum unit and liquid 
cooling unit. The liquid cooling unit was originally designed as only heat-removing 
source. However, due to fluctuations in depth (Z) in the field of view, a heat sink was 
additionally attached to ensure better dissipation of heat produced by the Peltier 
element. The aluminum disk connected to the Peltier element was used to directly 
cool/heat the sample in the customized dish. Since aluminum does not react with the 
cells or liquid media, it can be directly used in the cell suspension. However, a cover 
glass was used between the cell suspension and aluminum disk to minimize any 
possible influences on the cells. The separate control unit allows the stable and fast 
(approximately 1 °C per second) temperature changes in the range from -5 to 50 °C.  
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Appendix II.! Comparison between two wild type strains 
  
A.! Distance between SPBs after cold treatment (CS) as a function of initial distance between 
SPBs before cold treatment was induced. Strains KI061 and LW042 were used (green and 
blue respectively, Table 1). The red line indicates f(x) = x, a hypothetical case representing 
no change compared to the initial values. The gray box represents an area where SPBs were 
not separated. 
B.! Reassembly time as a function of distance between SPBs at the onset of microtubule 
nucleation (Distance0) for KI061 and LW042 wt strains (green and blue respectively). Green 
error ellipses correspond to standard deviation of 1 (green) and 2 (light green) for a Gaussian 
distribution with 90 % confidence interval for strain KI061 (Table 1). Blue error ellipses 
correspond to standard deviation of 1 (blue) and 2 (light blue) for a Gaussian distribution with 
90 % confidence interval for strain LW042 (Table 1). The gray box represents an area of all 
cells that did not manage to repair their spindles within monitoring time of 10 minutes 
(unrepaired spindles are shown as faded dots).  
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Appendix III.!Calculation of the significance of the difference between two 
slopes 
 
To determine whether diffusion coefficient has significantly changed in mutant 
strains compared to wild-type, the slopes of two lines were compared and probability 
value, t-value and the degrees of freedom were calculated (Soper, 2017; Cohen et 
al., 2003). To compute probability values for the difference between two slopes, next 
formulas were used: 
Beta function: 
2 3, 4 = 567889 # 1 − 5 ;78 /5. 
Lower incomplete beta function: 
2 3; >, ? = 5@7869 # 1 − 5 A78 /5. 
Regularized lower incomplete beta function: 
B6 >, ? = 2 3; >, ?2 >, ? , 
where the numerator is the lower incomplete beta function, and the denominator is 
the beta function. 
t-distribution cumulative distribution function (CDF): 
CD7E F /F = B 5 + 5* + H2 5* + H H2 , H2 , 
where v is the degrees of freedom, t is the upper limit of integration, and I is the 
regularized lower incomplete beta function. 
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t-value for the difference between two slopes: 
5 = ?8−#?*JAK* + JAL* # , /C = M8 + M* − 4, 
where b1 and b2 are the slopes of lines 1 and 2, sb1 and sb1 and sb2 are the standard 
errors for lines 1 and 2, and n1 and n2 are the sample sizes for lines 1 and 2. The 
MSAD data was binned in 5 centroids with weights corresponding to the reciprocal 
value of the standard error of the mean of the respective bin, which scaled linearly 
with time. A linear fit was used to assess the diffusion coefficient of pivoting 
microtubules. Significance of the difference between linear fit for mutant strain and 
linear fit for wild-type was computed given the slope, standard error, and sample size 
(5 centroids for both mutant strain and wild-type). 
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Tables 
Table 1. S. pombe strains. 
Name Genotype Source 
#3208 h+ ase1::hygr ura4-D18 leu1-32  (Prof. Jonathan Millar, University of Warwick) 
SI661' h+ sid4+-mCherry Tolić GMO Library 
PT .2973  h- cut7-3xGFP mCherry-atb2:hygr ade6-m210? leu1-32 ura4-D18 
(Prof. Phong Tran, 
Perelman School of 
Medicine) 
CF.391  h
+ cut7.24 cdc13-GFP:natr mCherry-atb2:hygr ade6-m210? leu1-
32 ura4-D18  This study 
KI061 h
- cdc25-22 ndc80-nmtP41-tdTomato-kanMX6 kanr-nmtP3-GFP-
atb2+ sid4-GFP-kanr  This study 
KI062 h
90 cdc25-22 ndc80-nmtP41-tdTomato-kanMX6 kanr-nmtP3-GFP-
atb2+ klp5-D Tolić GMO Library 
LW042 h
+ cut7-3xGFP mCherry-atb2:hygr ade6-m210? leu1-32 ura4-D18 
sid4+-mCherry This study 
LW050 h
+ cdc25-22 ndc80-nmtP41-tdTomato-kanMX6 kanr-nmtP3-GFP-
atb2+ ase1::hygr This study 
LW065 h
+ cdc25-22 ndc80-nmtP41-tdTomato-kanMX6 kanr-nmtP3-GFP-
atb2+ klp5-D This study 
 
Table 2. Rich growth media for fission yeast. 
Yeast Extract with supplements (YES) !!
Amount Component Final Concentration 
5 g/l yeast extract 0.5 % w/v 
30 g/l glucose 3.0 % w/v 
225 mg/l adenine 
 225 mg/l histidine 
 225 mg/l leucine 
 225 mg/l uracil 
 225 mg/l lysine hydrochloride   
Solid medium is made by adding 2 % (w/v) Difco Bacto Agar prior to autoclaving.  
! 
Table 3. Mating media.  
Malt extract (MEA) !!
Amount Component Final Concentration 
30 g/l Bacto-malt extract 3 % (w/v) 
Adjust to pH 5.5 with NaOH. Supplements added as for YES (except for lysine). Solid media is made by 
adding 2 % w/v Difco Bacto. 
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Table 4. Minimal growth media for fission yeast. 
Edinburgh minimal medium (EMM) !!
Amount Component Final Concentration 
3 g/l potassium hydrogen phthallate 14.7mM 
2.2 g/l Na2HPO4 15.5 mM 
5 g/l NH4Cl 93.5 mM 
20 g/l glucose 2 % w/v 
20 ml/l salts (See Table 5)  
1 ml/l vitamins (See Table 5)  
0.1 ml/l minerals (See Table 5)   
Autoclave. Solid medium is made by adding 2 % w/v Difco Bacto Agar. Required supplements for 
auxotrophies (e.g. adenine, uracil) are added to a final concentration of 225 mg/l as required. These can 
be maintained as sterile stock solutions at 7.5 mg/ml in water (3.75 mg/ml for uracil).  
 
Table 5. Stock solutions made in water, filter-sterilized and stored at 4 °C. 
50x Salt stock !!
Amount Component Final Concentration 
52.5 g/l MgCl2.6H20 0.26 M 
0.735 g/l CaCl2.2H20 4.99 mM 
50 g/l KCl 0.67 M 
2 g/l Na2SO4 14.1 mM 
1000x Vitamin stock !!
1 g/l pantothenic acid 4.20 mM 
10 g/l nicotinic acid 81.2 mM 
10 g/l inositol 55.5 mM 
10 mg/l biotin 40.8 uM 
1000x Vitamin stock !!
5 g/l boric acid 80.9 mM 
4 g/l MnSO4 23.7 mM 
4 g/l ZnSO4.7H2O 13.9 mM 
2 g/l FeCl2.6H2O 7.40 mM 
0.4 g/l molybdic acid 2.47 mM 
1 g/l KI 6.02 mM 
0.4 g/l CuSO4.5H2O 1.60 mM 
10 g/l citric acid 47.6 mM 
 
 
   
121 
Acknowledgments 
I greatly thank my supervisor Prof. Dr. Iva Tolić for the opportunity to work in her lab on 
such a beautiful PhD project, for showing her trust in my methods and thinking, and for 
supporting my decision to stay at MPI-CBG when she moved to Croatia. 
I sincerely thank Prof. Dr. Christoph Neinhuis and Dr. Caren Norden for excellent 
support and scientific guidance as my Thesis Advisory Committee (TAC) members. In 
addition, I thank Prof. Dr. Stefan Diez who was the invisible 4th TAC member, always 
following my progress and giving many useful advices.  
I would like to thank all the members of the Light Microscopy Facility at MPI-CBG for all 
the help provided with spinning disk microscope and the booking system. You guys run 
the best possible service. 
I earnestly thank Dr. Jan Brugues for providing insightful suggestions and laboratory 
space. 
I thank all members of the Tolić lab in Dresden and our collaborators in Croatia, Marcel 
Prelogović and Prof. Dr. Nenad Pavin, for stimulating discussions and great atmosphere. 
I am thankful to Dr. Matt Boes for providing me with “his” laptop that was used for all 
analysis in this thesis – I would not have managed without it. 
Foremost, I would like to thank Dr. Ivan C. Baines who took me in as his Technology 
Transfer Trainee and who provided me with both scientific and financial aspects for my 
work. Ivan, you have been a great mentor and a dear friend, and I am forever grateful for 
your unconditional support. 
I would like to thank my dear friends making all the failed experiments and writing of this 
thesis a little less stressful. I am extremely thankful to Alice Dimitra Cezanne who 
invested her time and nerves in reading and correcting my thesis. She is the most 
helpful and cheerful reviewer ever! 
 
   
122 
I am thankful to my grandparents who were always supportive of my decisions and crazy 
ideas. My grandmother Marija, the toughest and kindest woman I’ve ever known, and my 
grandfather Mate, a stubborn and intelligent man who is no longer with us. You 
continuously encouraged my untamed spirit. 
I am thankful to my aunt Nada who helped me to develop a sense of design and 
meticulosity. You taught me to pay attention to the details. 
I am grateful to my grandma Marica, who taught me that patience and persistence is 
always rewarded. Together with my mother, you shaped me into a person I am today. I 
missed your cooking and my soup never tastes like yours did. 
Finally, I am grateful to my mother who always believed in me, listened to all my 
complaints, who kept pushing me forward, who was the reason I became in love with 
science. You thought me that the world is wondrous, with treasures to satiate, desires 
both subtle and gross, and not for the timid. You have been the best mother one can ask 
for <(^^)>. 
 
 
 
 
 
 
 
 
 
 
 
   
123 
Erklärung entsprechend §5.5 der Promotionsordnung  
Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulässige Hilfe Dritter und 
ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe; die aus 
fremden Quellen direkt oder indirekt übernommenen Gedanken sind als solche kenntlich 
gemacht. Die Arbeit wurde bisher weder im Inland noch im Ausland in gleicher oder 
ähnlicher Form einer anderen Prüfungsbehörde vorgelegt.  
Die Dissertation wurde im Zeitraum vom 01. Oktober 2012 bis 30. September 2015 
verfasst und von Prof. Dr. Stephan Grill, Biotechnologisches Zentrum, TU Dresden und 
Prof. Dr. Rolf Jessberger, Medizinische Fakultät der TU Dresden (MTZ) betreut.  
Meine Person betreffend erkläre ich hiermit, dass keine früheren erfolglosen 
Promotionsverfahren stattgefunden haben.  
Ich erkenne die Promotionsordnung der Fakultät für Mathematik und Naturwissen- 
schaften, Technische Universität Dresden an.  
 
______________________________ 
Date, Signature  
 
 
 
 
 
 
 
